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Abstract 
Carbothermal Synthesis of Coatings on SiC Fibers 
Linlin Chen 
Yury Gogotsi, Ph.D., D.Sc. 
 
 
Four kinds of protective coatings ¾ carbide derived carbon (CDC), boron nitride 
(BN), Al-O-N and BN doped Al-O-N (BAN) have been successfully synthesized on the 
surface of SiC fibers on the target to enhance the mechanical properties and oxidation 
resistance of the coated SiC fibers for the application as the reinforcements in the 
Ceramic Matrix Composites (CMCs) in the high temperatures.  
First of all, CDC coatings have been uniformly produced on Tyranno ZMI SiC 
fibers with good thickness control within nanometer accuracy by the chlorination in the 
temperature range of 550-700ºC at atmospheric pressure. Kinetics of the carbon coating 
growth on the fibers has been systematically studied and thus a good foundation was set 
up for the further coating synthesis.   
BN coatings have been synthesized on the surface of SiC powders, fibers and 
fabrics by a novel carbothermal nitridation method. Non-bridging has been achieved in 
the BN-coated fiber tows by the nitridation in ammonia at atmospheric pressure in a 
temperature below 1200ºC, which is lower compared to the traditional BN synthesis 
method and does not cause the degradation of the coated-fibers. BN coatings on the 
carbon nanotubes have also been formed and unlike the common methods, no additional 
dopant (such as metal catalyst) is introduced into the system during the BN coatings 
syntheses, thus the contamination of the final product is avoided.   
A novel Al-O-N coating has been explored with the most impressive point is that 
a more than 65% improvement in the tensile strength (up to ~5.1GPa) and a three-time 
 xvi 
increase in the Weibull modulus compared to the as-received fibers are resulted by the 
formation of 200nm Al-O-N coating on the SiC fibers. It exceeds the strength of all other 
small diameter SiC fibers reported in the literature.  
Furthermore, BAN coating has also been produced on the surface of SiC fibers 
and about 20% enhancement in mechanical strength is achieved compared to that of the 
original fibers.  
Oxidation experiments of the SiC fibers with four kinds of coatings under 1000ºC 
and 1200ºC in air have been carried out and better oxidation resistance of the coated 
fibers are presented compared to the as-received fibers.   
In summary, exploration of various coatings synthesis for the SiC fibers has been 
successfully conducted in this work.  The coating material suitable for the SiC fibers 
should be chosen properly according to its specific application in the CFCCs and well 
thickness-control to meet the corresponding requirements.   
 1 
1.  INTRODUCTION 
1.1   Background  
1.1.1.  Fiber Reinforced Ceramic Composites  
Continuous fiber-reinforced ceramic matrix composites (CFCCs) are an important 
class of materials for structural applications at elevated temperatures because of their 
improved flaw tolerance, large fracture resistance, improved toughness by crack 
deflection and crack bridging mechanism, and noncatastrophic mode of failure 
comparing with monolithic ceramic materials [1-4]. They are considered leading 
candidate materials in the aerospace and energy-related areas, such as high-pressure heat 
exchangers, radiant burner tubes, and engine combustors. They have been the focus of 
intensive developmental efforts over the latest decades for their greater flaw insensitivity 
and higher potential for delayed failure, as compared to particulate-, whisker-reinforced, 
and in situ grown composites [5, 6].  
 
 
 
Figure 1.1: CFCCs mechanisms of the fiber pullout [7, 8]. 
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Figure 1.1.1 shows the tensile stress-strain behavior considered desirable for a 
structurally reliable CFCC. There are generally three regions in the stress-strain curves: (i) 
a region of linear stress-strain behavior before matrix cracking; (ii) a nonlinear region 
after matrix cracking where multiple matrix cracking occurs without fiber fracture; and 
(iii) a region of decreasing stress where fiber fracture and pullout occur. Composites 
theories [9, 10] indicate that the critical matrix crack value can be enhanced by increasing 
the fiber volume fraction in the composite and by selecting fibers with the smallest 
diameter, highest modulus, and greatest creep resistance at the service temperatures. It is 
also very important that the fiber and matrix have similar equivalent thermal expansion 
characteristics in order to avoid the detrimental expansion- included residual stress within 
the CFCCs [11, 12]. Since mechanical performance for many applications is evaluated on 
specific basis, the fibers should also have a sufficiently low density to provide the CFCCs 
with high toughness and the capability to be fabricated into complex shapes and thin 
sections. Finally, the fibers should have sufficiently low cost so as not to adversely affect 
the overall CFCC fabrication cost.  
1.1.2  Composite Materials and Fiber Candidates 
CFCCs can be divided into two kinds: oxide and non-oxide, according to the 
materials that have been employed. Oxide composites consist of oxide fiber (e.g. 
alumina), interfacial coatings, and matrix. If any one of these components consists of a 
non-oxide material (e.g. silicon carbide), then it is classified as a non-oxide composite. 
Generally, non-oxide composites have attracted much more attention for their good creep 
resistance, microstructural stability and strength at high temperatures compared to the 
oxide composites.  
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Fibers play a critical role in both the processing and performance of CFCCs. The 
fibers used as reinforcements in CFCCs fall into two broad categories: (i) oxide fibers, 
such as aluminum oxide (Al2O3, including single crystal alumina), alumina-zirconia 
mixtures (Al2O3 + ZrO2), YGA (yttria-alumina-garnet), and mullite (Al2O3-SiO2). (ii) 
non-oxide fibers, such as silicon carbide (SiC), boron nitride (BN), and silicon-boron-
nitride-carbide (Si-B-N-C), etc. Oxide fibers are mainly used as the reinforcements in the 
light alloy matrixes and they are inherently resistant to oxidation, but have limited creep 
resistance at high temperature (>1000ºC) due to the higher diffusivities of the oxide 
materials. Creep rates of polycrystalline oxide fibers decrease with increasing grain size, 
but this advantage is often offset by the decreasing strength as the grain size increases. 
Oxide composites are also heavier compared to non-oxides, which limits their aerospace 
applications. 
SiC-based non-oxide fibers are the main candidates as the reinforcements in the 
CFCCs for their relatively high tensile strength, creep resistance, and good thermal 
stability [13]. Non-oxide fibers can further be classified into two subcategories: (i) small 
diameter (10-20µm) fibers, such as carbon fibers, Tyranno SiC fibers, Sylramic SiC 
fibers and Hi-Nicalon  SiC fibers; (ii) large diameter fiber (>50µm), such as SCS-0, SCS-
2 and SCS-6 SiC fibers with diameter around 150µm. Small diameter fibers produced 
from polymeric precursors are more attractive because they are low-cost, sufficiently 
flexible to permit weaving, braiding and possess many desirable properties to be widely 
used as the reinforcement in CFCCs [14]. 
The major shortcoming of SiC-based fibers is their oxidative embrittlement and 
degradation, which is caused by the oxygen ingression from the micro cracks and 
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interstitials in the composites, is the dominant life- limiting phenomenon of non-oxide 
composites [15]. So it is imperative to find a systematic  approach to diminish the oxygen 
ingression by choosing a right kind of fiber and developing protective fiber coatings.  
1.1.3  Fiber Coatings  
As a class, the polymer-derived SiC-based fibers are the strongest ceramic fibers 
and they have been widely used, so the coating research and development is mainly 
concentrated on the SiC fibers [16].  
The purpose of the fiber coating in the CFCCs is to provide a weakly bonded 
interface, thus providing damage tolerance in the composite and increasing the strain-to-
failure of the composites through crack deflection and fiber pullout, and so as to avoid the 
catastrophic failure of the composites [17-20]. In addition, fiber coatings are often used to 
protect fibers from environmental attack during composite fabrication or while in service.  
Varieties of coatings have been developed for applications in CMCs with varying 
degree of success [21-26]. However, BN  [27-28] and carbon [29-34] still remain the most 
widely used interface materials. Carbon was one of the first fiber coatings that produced 
tough behavior in CFCCs. Carbon coatings are in general less expensive and act as the 
sacrificial layer to avoid oxidation of SiC fibers in high-temperature environments and 
keep mechanical behavior by the consumption of coating layers. However, their 
oxidation leads to the loss of integrity and strength of the composites at temperatures 
higher than 500°C [35].  
Beside carbon, currently, BN is the most popular fiber coating that has the 
thermodynamic stability and graceful failure behavior in the non-oxide ceramic 
composites. It has received considerable attention within the last few years due to its 
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favorable mechanical, electrical, optical and chemical properties over a wide range of 
temperatures [36-37]. Such excellent properties promote the broad applications of BN, 
which include high-temperature insulators, self- lubricating and heat-dissipating coatings, 
passivation layers, diffusion masks and wear-resistant coatings. Structurally and 
chemically well-defined films are accordingly required [38] in many of these 
applications. 
Boron nitride, like carbon, has four crystalline structural modifications  
(Figure1.2): cubic (c-BN), würzite (w-BN), hexagonal (h-BN) and rhombohedral (r-BN), 
which correspond to diamond (zinc-blend form), hexagonal diamond (würzite form), 
hexagonal and rhombohedral graphite, respectively [39-41].  
BN has a good oxidation resistance in the applications. It reacts with the oxygen 
ingressed through the interfaces between fibers and matrix in the high temperatures, and 
forms B2O3, which could react with SiO 2 to form a glassy protective layer to prevent the 
further reaction at the interface of the CFCCs. Thus, synthesis of BN coatings on SiC 
fibers is one of the promising techniques to improve performance of the fiber-reinforced 
CMCs at high temperatures [50-53].  
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Figure 1.2: Crystal structures of BN [39-41]. 
 
1.2   Problems and Challenges  
The great challenge to date existed in the development  of high quality fibers 
coatings is to maintain their high strength in severe environments at high temperatures. 
The carbide derived carbon (CDC) coating, which is formed by the transformation 
of the surface layers of SiC fibers to carbon by etching in supercritical water or halogens, 
has been reported by Gogotsi, et al [54-55]. Compared to the conventional CVD methods 
of the carbon coating synthesis, this method has the superior advantages as following: (i) 
a uniform coating is achieved; (ii) fiber diameter does not change; (iii) the bridging 
between the fibers is avoided. The fugitive coating concept was introduced recently [32-
34], which relies on the retention of a carbon coating during composite processing and its 
subsequent removal through oxidation to form an unbounded fiber/matrix interface ?  
gap, requires finding the mechanism for growing carbon coatings on the SiC fibers with 
desired thickness. So the choice of coating thickness is an important factor, which defines 
the gap. Hence, the study on the growth mechanism of carbon coatings on various SiC 
fibers is necessary and preferable for such applications. 
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However, carbon-rich interface layers in such SiC/SiC-based composites show a 
low oxidation resistance at elevated temperatures in air or water vapor [43-49], which 
leads to oxidation embrittlement of the CMC and degradation of their mechanical 
properties. BN has a better oxidation resistance than carbon. Up to now, most of BN 
coatings  were prepared by chemical vapor deposition (CVD) [56-58]. Also, plasma 
assisted chemical vapor deposition (PACVD) [59], magnetron sputtering, and pulsed 
laser deposition (PLD) [38] were employed for the synthesis of different kinds of BN 
coatings.  
Recently, the introduction of an intermediate carbon layer was found to be helpful 
to reduce the BN synthesis temperature at ambient pressure. Carbothermal reduction-
nitridation is widely used to produce nitride powders [60-61]. Direct nitridation of carbon 
nanotubes to obtain BN coated nanotubes has also been demonstrated by Y.Bando [62]. 
However, for the dense graphitic carbon, such nitridation is  a slow process and thick 
coating requires the temperature higher than 1500ºC, which will damage the SiC fibers 
made from polymeric precursors. Relatively low temperature (~1200ºC) in-situ BN 
coating preparation had been conducted on the Nextel 312TM in ammonia [63] by reacting 
with the 14 w/o boria in the fiber, but it is only limited to boria-containing fibers and the 
thickness of the BN coating is less than 40nm. Synthesis of BN coatings by 
transformation from carbon coatings produced by dipping was also proposed [64], but the 
coatings obtained by such methods were not uniform enough for composite applications. 
Furthermore, fiber bridging during those processes decreased the efficiency of the 
coatings for the fiber tows or fabrics. So it is desired to develop an effective way to 
significantly improve the quality of the BN coatings that used for the SiC fibers. 
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However, the BN coatings are susceptible to the moisture at moderate 
temperatures and easily to be oxidized to B2O3 by the water vapor, which would volatilize 
when the temperature is higher than 1050°C. With the missing of BN, a gap would be left 
at the interface between the fiber and matrix, thus the similar problem is caused like that 
of the carbon coatings.  So the exploration of the new kind of coating to avoid such 
shortcoming is imperative.  
With the wide usage of the CFCCs, demands on the properties for various 
applications are constantly increasing. The mechanical properties of the fibers ¾ another 
important factor related to the applications of CFCCs should also be taken into account. 
For a fixed fiber content, they are largely controlled by various intrinsic composite 
parameters, including strength of the reinforcing fibers and the matrix [65-67], 
fiber/matrix interface characteristics [68-69], and internal residual stresses [70]. 
Particularly, high strength and optimal strength distribution of fibers are critical to 
providing the required ultimate load-bearing capacity and toughness to the composites  
[71]. Hence, tensile strength of the fiber is a key point in determining the mechanical 
behavior of CFCCs.   
The strength of PAN-based Hercules-IM9 and Toray-T1000G carbon fibers has 
been reported to reach 6.5GPa [72]. However, their applications are limited by oxidation. 
Rapid oxidation in air begins at temperature above 500ºC and this disturbance at the 
fiber-matrix interface will impose a profound effect on the properties of the composite  
[73-75]. SiC-based fibers have excellent mechanical properties and thermal stability [76]. 
But their tensile strength is not as high as that of carbon fibers and has not been reported 
to exceed 5.0GPa till now.  So it is significant if the tensile strength could  be improved 
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by introducing a coating on surface of SiC fibers as well as to serve as a protection layer 
for the application in the sever environments.  
In summary, the current fiber coatings either do not have an adequate oxidation 
resistance [77-82] or do not have good mechanical properties [83-85] that are could be 
maintained at elevated temperature. These limitations have resulted in the degradation of 
the strength and toughness of the CFCCs during use. So it is very important to develop a 
new kind of coating with the following distinct features for future applications in the 
severe environments.  
¨ High stability, creep resistance, non-bridging and cost-effectiveness; 
¨ Improved oxidation resistance in dry and moist atmospheres and sealing matrix 
    cracks once they form; 
¨ High tensile strength and high durability with cracked matrices at high   
    temperatures. 
1.3   Objectives of the Study 
Endeavors would be focus on the study and exploration of various coatings 
synthesis on SiC fibers and related materials for the corresponding applications as 
following.  
(i) Explore the feasibility of CDC coating synthesis on various kinds of SiC fibers, 
optimize the synthesis procedure, investigate the mechanism of carbon coatings 
growth and characterize the structure-related properties.  
(ii) Synthesize BN coatings on the SiC powders, SiC fibers and carbon nanotubes by 
a novel carbothermal method and characterize the morphology, structures and 
properties of the coated materials.   
 10 
(iii) Synthesize a novel Al-O-N coating on the SiC fibers and systemically study the 
variation of the morphology, microstructure and mechanical properties of fibers 
before and after coatings.  
(iv) Prepare the BAN coated SiC fibers by the two-step synthesis procedure and 
confirm the chemical composition of the coatings and investigate the change of 
mechanical properties compared with that of as-received fibers.  The Al-O-N coating 
can bind together with BN to prevent its volatilization when the temperature higher 
than 1150°C and the formation of aluminium borate glass in the oxidized atmosphere 
can seal the cracks in the interphase of the CFCCs, thus provide the oxidation 
resistance in the high temperature working environment and increase their service 
life.  
(v) Perform the oxidation experiments on the fibers with and without coatings in the 
air at 1000ºC and 1200ºC respectively to test and compare the oxidation resistance of 
the fibers with various coatings.   
Illustrative graph of the scheme for the coating development and their correlated 
functions for the motivation of this project is shown in Figure 1.3. In the following 
sections, the detailed procedures of the coating synthesis and structure characterization 
are described. The cho ice of the coating for SiC fibers depends on the specific behavior 
of the coated fibers suitable for the environments used in the applications. 
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Figure 1.3: Motivation of the coating synthesis and development scheme. 
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2.  THERMODYNAMIC SIMULATIONS 
Thermodynamic calculations were conducted in a closed system by using 
ChemSage 4.1 Gibbs energy minimization software. It predicts the possibility of the 
reactions at the given conditions, helps to determine the suitable synthesis temperature of 
the coatings and also gives a clear description of how the reactions proceed during 
processions.   
2.1 Carbon Coating Synthesis  
Carbon coating on the SiC materials is synthesized by the treatment in pure 
chlorine through extraction of Si from SiC according to the following chemical reaction: 
                                    SiC (s) + 2 Cl2 (g) = SiCl4 (g)?+ C (s)  ---------------------------- (2.1) 
 
Table 2.1: Composition and Properties of Four Commercial SiC Fibers 
 
 
Chemical Composition  
 
Mechanical 
Properties 
Properties 
 
 
Type  
      of  
      Fibers  
C/Si 
(atom) 
C 
a% 
Si 
a% 
O 
a% 
Al 
a% 
 
Structure  
Tensile  
Strength  
(GPa) 
Tensile  
Modulus  
(GPa) 
 
Tyranno 
ZMI 
 
1.44 
 
53.1 
 
36.8 
 
10.1 
 
-  Amorphous 
 
3.4 
 
200 
 
Sylramic 
 
1 
 
49.5 
 
49.5 
 
1.0 
 
-  
  
2.8-3.4 
 
390-400 
 
Hi Nicalon 
 
1.39 
 
57.8 
 
41.6 
 
0.6 
 
-  
  
2.8-3.4 
 
270 
 
Tyranno SA 
 
1.08 
 
51.0 
 
47.3 
 
0.4 
 
1.3 Crystalline 
 
2.8 
 
380 
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Small amount of amorphous carbon and oxygen are present inside SiC fibers as 
the minor components (Table 2.1), and together with other small amount of oxygen, 
which maybe present in the reaction gas, should also be considered to take a part in the 
reaction as following [71].   
                                      C (s) + 2 Cl2 (g) = CCl4 (g)?  -------------------------------------- (2.2) 
                                      2C (s) + O2 (g) = 2 CO (g)?  --------------------------------------- (2.3) 
                                      C (s) + O2 (g) = CO2 (g)?  ------------------------------------------ (2.4) 
                                      CO (g) + Cl2 (g) = COCl2 (g)?  ------------------------------------ (2.5) 
Figure 2.1 shows the thermodynamic simulation results for the synthesis of 
carbon coatings at temperatures from 400ºC to 800ºC in a closed system at 1 atm. The 
initial reactants for the calculation include: 3 moles SiC, 1 mole carbon, 1 mole oxygen 
and 8 moles chlorine, all of which are roughly proportional to the original composition of 
the SiC fibers as well as are adequate enough for the reaction. The selection of the 
temperature range for such simulation is according to the reaction temperature of SiC 
with chlorine [86] and prevention of polymer-derived SiC fibers from crystallization and 
degradation by keeping the process temperature as low as possible. From Figure 2.1, we 
can see that the most appropriate temperature range for carbon coating is around 450-
600ºC for the highest yield of carbon. However, these results could not truly represent the 
real cases as they only present in the equilibrium conditions and do not account for 
kinetics of the process. The real synthesis temperature may need to be a little higher than 
this range. To enhance coating growth, 550-700ºC was chosen in this work to 
experimentally investigate the CDC growth on SiC fibers. 
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Figure 2.1: Thermodynamic simulation of the synthesis of CDC coating on SiC fibers. 
 
2.2 BN Coating Synthesis 
BN is proposed to be synthesized by the nitridation of boric acid (H3BO3) 
infiltrated SiC fibers with CDC intermediate layers. During the nitridation process, the 
ammonia is decomposed to nitrogen and hydrogen when the temperature is higher than 
227°C. The boric acid dehydrates to form boria, which reacts with nitrogen to form BN. 
The presence of carbon facilitates this process by reaction with hydrogen. The reactions 
associated with this procedure are as following: 
                                      2NH3 (g) = N2 (g) + 3H2 (g) ------------------------------------------- (2.6) 
                                      2H3BO3 = B2O3 + 3H2O (g)? --------------------------------------- (2.7) 
                                      2B2O3 + 9C + 4NH3 (g) = 4BN + 3CH4 (g) + 6CO (g)? ----------- (2.8) 
 15 
Thermodynamic simulation of the nitridation was applied at temperatures from 
800ºC to 1200ºC in a closed system at 1 atm. The initial reactants for this reaction 
include: 1 mole H3BO3, 3 moles carbon, which is sufficient for the reaction, and 0 to 5 
moles of NH3 with a 0.5 mole increase for each step. The temperature range selected was 
to prevent the possible degradation of polymer-derived SiC fibers by holding the process 
temperature below 1200ºC [14, 18] as well as to reduce the production cost using a quartz 
tube furnace. The thermodynamic calculation results are shown in Figure 2.2a. H3BO3 
can be completely converted to BN at temperatures above 1000ºC with proper control of 
the amount of incoming ammonia. However, it is necessary to mention that this cannot 
truly represent the case of reaction due to kinetic limitations. The practical synthesis 
temperature may be higher to achieve full transformation from carbon to BN and produce 
coatings with the required thickness of 100nm-300nm. In Figure 2.2b, 1 mole H3BO3, 3 
moles carbon and 3 moles NH3 are used for calculating the equilibrium composition over  
the same temperature range. This analysis shows that the synthesized BN coating is 
thermodynamically stable and coexists with the gas mixture of the products at high 
temperatures. 
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Figure 2.2: Thermodynamic simulation of the synthesis of BN coating on SiC fibers: 
(a) Yield of BN as a function of incoming NH3 amount at various temperatures;  
(b) Equilibrium phase compositions as a function of temperature. 
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2.3 Al-O-N Coating Synthesis 
Al-O-N coating is proposed to be synthesized by the nitridation of aluminum 
chloride (AlCl3) infiltrated SiC fibers with CDC intermediate layers. The temperature 
range is chosen from 600ºC to 1200ºC and the closed system is kept at a constant 
pressure of 1atm. As the oxygen is unavoidable due to the its presence in the water vapor, 
ethyl ether and the impurities in the ammonia gas flow, so small amount of oxygen is 
included in the simulation reactants. Two groups of the reactants are selected for the 
simulation corresponding to the reactions taking place at the CDC coatings and the 
surface of the fiber core respectively. 
(i) Reactions in the CDC layer: 
The initial reactants for the simulated reaction include: 1 mole AlCl3, 3 moles 
carbon, which presents the CDC layer, 0.2 mole oxygen, and sufficient amount of NH3 up 
to 8 moles. 
                                      3C + 4NH3 (g) = 2N2 (g)?  + 3CH4 (g)? ----------------------------- (2.9) 
                                      AlCl3 + NH3 (g) = AlN + 3HCl (g)? ------------------------------ (2.10) 
                                      4AlN + 3O2 (g) = 2Al2O3 + 2N2 (g)? ------------------------------ (2.11) 
The presence of carbon helps to hold AlCl3, and facilitates the decomposition of 
ammonia by reaction with hydrogen. Nearly half of the AlCl3 is vaporized and carried 
away by the gas current and the rest of it converts to AlN and Al2O3 by the reaction with 
ammonia and oxygen respectively. As shown in Figure 2.3a, it can be concluded that the 
suitable synthesis temperature is in the range of 800-1000ºC, in which the carbon is less 
consumed and keep the conformal shape of the fiber as before.  
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(ii) Reactions on the surface of SiC fibers: 
As the SiC fiber stem is dense and the ammonia is difficult to pass though unlike 
that of the nanoporous CDC layer, the reactions between the ammonia and infiltrated 
AlCl3 will take place inside of the CDC layers. Initial reactants for the simulation are set 
at 900ºC on the basis of the above calculation and the amount of the ammonia varies for 
better comparison: 1 mole AlCl3, 5 moles SiC, 0.2 mole oxygen (9atm% of oxygen exists 
in the original SiC fiber), and 1 to 10 moles of NH3 with 1 mole increase for each step. 
As shown in Figure 2.3b, the Al2O3 formed by the equation 2.11 would react with SiO 2 
on the surface of the fiber to form a thin film of mullite (Al6Si2O13) according to equation 
2.12. Small part of SiC will also be consumed due to the reaction with nitrogen (Equation 
2.13), which is presented in very little amount because of the difficult diffusion inside of  
SiC and the AlN/Al2O3 barrier formed in CDC layers.  
                                     3Al2O3 + 2SiO2 = Al6Si2O13 -------------------------------------- (2.12) 
                                     3SiC + 2N2 (g) = Si3N4 + 3C --------------------------------------- (2.13) 
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Figure 2.3: Thermodynamic simulation of the synthesis of Al-O-N coating on SiC fibers: 
(a) Yield of AlN-Al2O3 as a function of temperature; 
 (b) Equilibrium phase compositions at 900ºC as a function of incoming ammonia. 
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2.4 BAN Coating Synthesis  
Boron-Aluminium-Nitride (BAN) nanocomposites coating is assumed to provide 
oxidation protection for long-fiber reinforced CMCs because it forms refractory 
aluminium borates upon oxidation, which is mainly composed of stable phase of 
Al18B4O33 that can withstand the temperature as high as 1900°C, provide a diffusion 
barrier and a boria-containing liquid phase (B2O3 at low temperatures, B-Al-O or B-Al-
Si-O at higher temperatures) that seals cracks in the matrix or along the fiber/matrix 
interface. The composite with a BAN interface is expected to withstand oxidation over 
the temperature range from 400°C to 1200°C, and possibly at higher temperatures. The 
coating should be compatible with majority of ceramic matrices and provide fiber 
debonding and pullout similar to BN. Moreover, better than BN, it is robust, provides 
oxidation protection in a flow of combustion products, prevents the loss of B2O3 from 
vaporization, arrests cracks and offers the self-healing effect by the formation of 
aluminium borates. It is supposed to be no degradation of the fiber strength and no 
recession of the fiber-matrix interphase in the oxidized environment applications by this 
point of view.   
Theoretical consideration has been taken with the aid of thermodynamic 
calculation to predict the feasibility of carbothermal synthesis of novel BAN coatings by 
the nitridation of boric acid and aluminium chloride on the SiC fibers with CDC 
intermediate layers. 
2.4.1  Attempt of One-step Synthesis  
So is it possible for us to simplify the synthesis procedure of BAN coatings on the 
SiC fibers in one-step? With the initial reactants as following: 1 mole AlCl3, 1 mole 
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H3BO3, 4 moles carbon, and sufficient amount of NH3 of 5 moles in the temperature 
range from 800-1200ºC, thermodynamic calculation was conducted to simulate the 
reaction procedure. The calculation results are shown in Figure 2.4a, and the following 
are the reactions involved in such treatment condition.  
                        4AlCl3 (s) + B2O3 + 6H2O (g) = Al4B2O9 + 12HCl (g) ?-------------------- (2.14) 
                        2AlCl3 (s) + 3H2O (g) = Al2O3 + 6HCl (g) ?---------------------------------- (2.15) 
                       18AlCl3 (s) + 2B2O3 + 27H2O (g) = Al18B4O33 + 54HCl (g)?-------------- (2.16) 
                        HCl (g) + NH3 (g) = NH4Cl (s) ------------------------------------------------ (2.17) 
From Figure 2.4a, it can be seen that the AlCl3 and H3BO3 are thermodynamically 
favorable to react together to from the glassy phase Al4B2O9 or Al18B4O33 rather than to 
form the BN and Al-O-N separately. So it is impossible to synthesize the BAN coating in 
a single step.  
2.4.2  Attempt of Two -step Synthesis in the Sequence of AlON? BAN  
Attempt has also been carried out to try the synthesis of the BAN in two-step with 
the Al-O-N produced firstly.  Once the AlN is formed on the surface of the SiC fiber 
followed by the procedure described in 2.3, the second stage of synthesis is set up with 
the following initial reactants:  1 mole AlN, 1 mole H3BO3, 3 moles carbon, and 3 moles 
of NH3 nitrided in the temperature range from 800-1200ºC. The involved reactions are 
described in equations 2.18-2.20 and the simulation results are shown in Figure 2.4b.    
                          4AlN + B2O3 + 6H2O (g) = Al4B2O9 + 4NH3 (g)?------------------------ (2.18) 
                          18AlN + 2B2O3 + 27H2O (g) = Al18B4O33 + 18NH3 (g)?---------------- (2.19) 
                          2B2O3 + 9C + 4NH3 (g) = 4BN + 3CH4 (g) ? + 6CO (g)?----------------- (2.20) 
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As shown in the figure, the AlN preferably reacts with H3BO3 to form the glassy 
phase Al4B2O9 or Al18B4O33 as that of the results in the 2.4.1. No BN could be produced 
and it is also impossible to synthesize the BAN coating by this method.  
2.4.3  Attempt of Two -step Synthesis in the Sequence of BN? BAN   
So the synthesis of the BAN in two-step is considered to produce BN coating first 
as the procedure described in 2.2.  Then the initial reactants for the second step, which 
include 1 mole BN, 1 mole AlCl3, 3 moles carbon, 0.2 mole oxygen, and sufficient 
amount of NH3 up to 8 moles, are taken into account for simulation in the temperature 
range from 800-1200ºC. As shown in Figure 2.4c, the result is satisfactory. The BN stays 
intact and the Al-O-N coating is formed in the same way as that of described in procedure 
2.3. Furthermore, BN and Al-O-N can stably coexist in room temperature and mix 
together with uniform distribution due to the infiltration preparation.     
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Figure 2.4: Thermodynamic simulation of the synthesis of BAN coating on SiC fibers: 
(a) One-step synthesis; (b) Two-step synthesis in the sequence of AlN ?  BAN;  
(c) Two-step synthesis in the sequence of BN ?  BAN. 
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2.5 Oxidation of the BAN-Coated SiC Fibers in High Temperatures 
A coating containing AlN and boron compounds may be very useful for oxidation 
protection of C/C and C/SiC composites due to the formation of self-healing oxidation 
scales. Figure 2.5 shows the schematic function of the BAN coating in the high 
temperature application under the load.  
 
 
Figure 2.5: Schematic graph of the self-healing effect of BAN coating  
at the interface of the CFCCs in the oxidizing environments. 
 
 
Initial reactants of 0 to 1 mole AlN with a 0.1 mole increase of each step, 1 to 0 
mole BN with a 0.1 mole decrease of each step, 1 mole oxygen, and 2 mole carbon were 
employed to simulate of the oxidation of the coating interphase under the 500-1500ºC. 
The calculated results are shown in Figure 2.6a and 2.6b, and the chemical reactions 
taking place in such situation are corresponding to the Equations 2.21-2.25.  
                          4AlN + B2O3 + 3O2 (g) = Al4B2O9 + 2N2 (g)?----------------------------- (2.21) 
                          36AlN + 4B2O3 + 27O2 (g) = 2Al18B4O33 + 18N2 (g)?------------------- (2.22) 
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                          4AlN  + 3O2 (g) = 2Al2O3 + 2N2 (g)? --------------------------------------- (2.23) 
                          2Al2O3 + B2O3 = Al4B2O9 ------------------------------------------------- (2.24) 
                          9Al2O3 + 2B2O3 = Al18B4O33 ---------------------------------------------- (2.25) 
The oxidation protection mechanism is primarily based on the crack sealing 
concept. It can be easily understood from the analysis of the phase diagram of Al2O3-
B2O3 system shown in Figure 2.7. From Figure 2.6a and 2.6b, it can be seen that the 
formation of both of the borates can occur simultaneously with the same thermodynamic 
probability depending on the local Al2O3/B2O3 ratio. 
(i) Protection Mechanism in the Temperature Range 500-1000ºC 
As soon as the B2O3 is formed, it reacts with AlN and yield Al4B2O9 that forms a 
solid diffusion barrier at the BAN/liquid boria interphase. Thus the layer can potentially 
protect the fiber and matrix from oxidation and degradation at relatively low temperatures, 
which can not be achieved at the BN or carbon interphase.  
(ii) Protection Mechanism in the Temperature Above 1000ºC 
Al4B2O9 melts at temperature above 1000ºC releasing some boria. Thus, if the 
composite is oxidized in the temperature range above 1000-1050ºC, the solid protective 
layer of Al4B2O9 will become thinner, but will not totally disappear. At these 
temperatures, a much more stable compound, Al18B4O33 (with melting point higher than 
1950ºC) will be formed and will protect the BAN interphase until the working 
temperatures exceeding the tolerable temperature of the fibers and  most of the matrices. 
Moreover, when the oxidation temperature is higher than 1150ºC, or water vapor is 
present, or erosion by the flow of the combustion products occurs, pure BN interface will  
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Figure 2.6: Thermodynamic simulation of the reactions involved in the oxidation of BAN 
coatings involved at the interfaces of the CFCCs in the oxidizing environments  
at high temperatures: (a) 500-1000ºC; (b) 1000-1500ºC. 
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disappear at a very high rate. The formation of the Al18B4O33 could help to keep B2O3 
bonded rather than evaporate so as to prevent the composite from the degradation in the 
high temperature applications.  
As to the SiC or Si3N4 oxidizeable matrix in such situation, once the protective 
aluminoborosilicate phase is formed, it can provide the additional protection due to its 
crack-sealing viscous state above 1200ºC. Crystallization of mullite is possible from this 
phase at higher temperatures. Since aluminoborosilicate (Nextel 312) fibers work well in 
composites, also at high temperatures, it is reasonable to believe that oxide layer with a 
similar composition will be compatible with most of composites matrices and stable up to 
very high temperatures.  
 
 
Figure 2.7: Phase diagram of the Al2O3-B2O3 system in high temperatures. [87] 
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BAN coating could offer an effective protection for the CFCCs from degradation 
at the high working temperatures and in severe application environments as analyzed in 
the above thermodynamical evaluations. Hence, it is significant and promising to explore 
a feasible way to synthesize the BAN coatings on the SiC fibers for the further 
applications.   
In addition to the  consideration of thermodynamic factors, the physical 
compatibility of the various coating materials with the original SiC fiber is also taken into 
account. As can be seen in Table 2.2, the thermal expansion coefficients of the compared 
materials are in the same order so at to avoid the coating spallation or composite cracking 
during heat treatment, which ensures the coating syntheses on the SiC fibers are feasible.  
 
Table 2.2: Thermal Expansion Coefficients of the Coatings Materials and SiC Fibers 
 
SiC Fibers SiC BN AlN Materials 
 
 
 
Properties  
Tyranno 
ZMI  
Tyranno 
SA 
Sylramic Hi-
Nicalon 
CVD 
SCS -6 
Fiber 
 
Bulk h- 
BN 
[72] 
c-BN 
[73] 
Wurz
-ite 
[74] 
 
Wurz
-ite 
[72] 
 
Thermal 
Expansion 
Coefficient 
 (10-6/K) 
 
4.0 
 
4.5 
 
5.4 
 
3.5 
 
4.1 
 
4.2 
?c 
3.0  
- c 
2.7 
 
1.2 ?c 
2.7  
- c 
2.3 
?c 
5.3  
- c 
4.2 
 
(The thermal expansion coefficient data of the original fibers  
are obtained from the corresponding manufactures listed in Section 3) 
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3.  EXPERIMENTAL SET-UP AND PROCEDURES 
3.1   Materials Description  
SiC powders and various SiC fibers were used as the raw materials for the coating 
synthesis during the work. Also the multiwall carbon nanotubes were employed to 
explore the possibility of BN coatings synthesis on the carbon materials.  
(i) ß-SiC powders: around 1µm particle size, 99.8% purity, supplied by Superior  
    Graphite Co., USA.  
(ii) Small diameter SiC fiber (diameter around 10-14µm): 
? Tyranno ZMI: amorphous with the formula composition of SiC1.44O0.24Zr<0.01,  
   provided by UBE Industry, Japan. 
? Tyranno SA: crystalline with the formula composition of SiCO0.008Al0.008, provided 
    by UBE Industry, Japan..  
? Sylramic: crystalline with the formula composition of SiCTi0.02B0.09O0.02.              
? Hi-Nicalon: nanocrystalline with the formula composition of SiC1.39O0.01, provided 
   by Nippon Carbon Company, Japan. 
(ii) Large diameter SiC fiber (140-150µm): 
 ? SCS-6 SiC Fibers: with 3µm-thickness carbon layer on the outside of the fibers,  
   manufactured by Textron, provided by SSG Company, USA. 
(iii) Multiwall Carbon Nanotubes (100-150nm diameter): 
? Pyrolytically Stripped Carbon Nanotubes (PS- CNTs): provided by Applied  
   Science, Inc, USA. 
? Heat-treated Carbon Nanotubes (HT-CNTs): annealed at 3000°C provided by 
  Applied Science, Inc, USA. 
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3.2  Experimental Set-up  
The whole set-up for the chlorination and nitridation is shown in Figure 3.1a. The 
treatment for the small diameter fibers and powders was carried out in a 12"- long single 
zone furnace with quartz tube of 1" in diameter. While as to the large diameter fibers and 
SiC fabrics, the experiments were conducted in a 32"- long three-zone furnace with quartz 
tube of 3" in diameter. 
The gas cylinder (BOC Company) and mixture column set-up are schematically 
shown in Figure 3.1b. Ar gas of grade 0.5 with purity of 99.99% was used for purging the 
system, while chlorine of purity of 99.99% and ammonia of grade 4 with purity of 
99.99% were used for the chlorination and the nitridation, respectively.  
A low vacuum chamber was used during the infiltration process to offer a 
pressure-reduced environment to release of the gases absorbed on the surface of the 
nanoporous sample (CDC layer), so that better infiltration could be achieved. The 
schematic set-up of the infiltration process is shown in Figure 3.1c. 
3.3   Experimental Procedures  
Generally three steps were involved in the coating synthesis: chlorination, 
infiltration and nitridation. The detailed process of each step is presented below with 
respect to the different types of SiC used as the raw materials and the various coating 
synthesized. 
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Figure 3.1: Photograph and schematic graph of the coating synthesis apparatus: (a) the 
photograph of the set-up in the lab; (b) Schematic graph to show the set-up for 
chlorination and nitridation; (c) the apparatus for the infiltration of CDC coatings. 
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3.3.1  Chlorination  
(i) ß-SiC powders:  
ß-SiC powder was used as a model system to understand the process mechanism 
due to its easier sample preparation for XRD and TEM studies. The powders were treated 
in pure chlorine at a flow rate of 10 standard cubic centimeters per minute (sccm) at 
1000ºC for 3 hours in a quartz tube furnace with diameter of 2.5 cm. XRD and Raman 
spectroscopy analysis confirmed that the SiC was totally converted into carbon. 
 (ii) Fibers:  
SiC fibers (~10µm in diameter) were treated in pure Cl2 with gas flow of 10sccm 
in the temperature range of 550-700ºC with 50ºC increments each step for 3 and 4 hours 
in this work. The chlorination at 650ºC for 3-4 hours with 30 minutes increments as well 
as chlorination at 700ºC for 40, 60 and 80 minutes were also conducted to determine the 
process kinetics.  In addition, 3 hours chlorination at 550ºC and 650ºC were conducted 
respectively to form carbon coatings on fibers with the thickness of ~ 0.15µm and 
~1.5µm for the further coating synthesis. 
3.3.2  Infiltration  
Currently, boric acid is the most economical precursor for the synthesis of BN 
coatings. Unlike other precursors [63, 64], it does not contaminate the samples by metal 
impurities or introduce other dopants. Thus H3BO3 (99.99% purity) solution was used 
during the BN infiltration process. 
Aluminum chloride (99.985% purity), as one of the most water-soluble and stable 
salts of the aluminum, was used as the precursor for the synthesis of the Al-O-N coatings 
on SiC fibers. 
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(i) Infiltration for Synthesis of BN Coatings:  
(a) ß-SiC powders and carbon nanotubes:  
The CDC powders obtained in the first step of the process were mixed together 
with H3BO3 powders with a stoichiometric ratio of 9:4. Then the mixture was 
ground in a mortar to achieve a grain size ~1µm. Infiltration of the powders by 
H3BO3 occurred during the heating for nitridation because B2O3 melts at 450ºC. 
(b) Fibers:  
The CDC coated fibers were placed in the vacuum infiltration chamber and 
pumped down for about 30 minutes. Then they were infiltrated with a saturated 
H3BO3 solution at 100ºC.  Cold distilled water was used to wash out the excess of 
H3BO3 from the fiber surface at room temperature. To achieve good infiltration 
effect for the nanoporous carbon coating, this step was repeated two or three 
times. 
(ii) Infiltration for Synthesis of Al-O-N Coatings:  
0.15M ethyl ether solution of AlCl3 (99.985% purity) was used to infiltrate the 
carbon layer formed on the fiber in a low vacuum chamber at room temperature for the 
ethyl ether is expected to evaporate quicker than water. The reduced pressure in the 
chamber assisted the release of the gases absorbed on the surface of the nanoporous CDC 
layer, so that better infiltration could be achieved.  
(iii) Infiltration for BAlN Coating Synthesis:  
Once the BN coating is formed on the surface of the SiC fibers, the infiltration 
process for the BAN coatings is similar to the procedure described in part (ii).  
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3.3.3  Nitridation  
Infiltrated samples (powders, nanotubes and CDC-coated fibers) were loaded in a 
quartz boat and put into a horizontal quartz tube furnace with inner diameter of 2.5 cm or 
7.5cm. Before each experimental run, the furnace was purged with argon for at least 30 
minutes. Then the furnace was heated to the desired operating temperature at a rate of 
10ºC/min with ammonia flowing into the reaction tube at a flow rate of 10sccm (small 
furnace)/20sccm (large furnace). The sample was he ld at the set temperature for a certain 
period of time to secure the completion of the reaction, and then cooled down in the 
furnace under the ammonia flow for protection. 
3.4 Characterizations   
(i) Structural and Chemical Characterization:  
The composition and structures of the samples nitrided under various conditions 
were examined by X-ray diffraction (XRD; Siemens Model D500, Cu Ka radiation), 
Raman spectroscopy (Renishaw 1000, Ar ion laser at an excitation wavelength of 
514.5nm), scanning electron microscopy (SEM; AMRAY 1830), energy dispersive 
spectroscopy (EDS), Environmental scanning electron microscopy (ESEM: FEI XL-30), 
high-resolution transmission electron microscopy (HRTEM: JEOL 2010F, operated at 
200KV) and electron energy loss spectroscopy (EELS). 
(ii) Mechanical Tests:  
Tensile strength and Young’s modulus of the SiC fibers before and after coating 
synthesis are measured according to ASTM (3379-75) using a SATEC Model T-5000 
universal testing machine equipped with the S/N UK 327 load cell with permitted 
maximum load of 2.5 N. The schematic graph of this set-up is shown in Figure 3.2.  
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Figure 3.2: Schematic graphs of the set-up for tensile test and  
the corresponding tested fiber preparation. 
 
(a) Fiber Preparation: 
The as-received fibers stick together in the fiber tow because of organic (PEO) 
sizing on their surface. To separate the fibers they are washed in warm water. The 
warm water dissolves the sizing from manufacturing process. The sizing does not 
affect the mechanical properties. After the separation a single fiber is picked up 
with a piece of scotch tape and fixed on the paper frame according to ASTM 
3379-75. The fiber is glued on the paper frame perpendicular to tensile loading. In 
this position the fiber is glued with using a hard acrylic resin (super glue, DURO). 
The glue has to be very rigid to avoid a strain in the glue and influence the results. 
The prepared paper frame can be clamped in the grips of the testing machine [88, 
89].  
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Single coated fibers are obtained by directly extraction from the fiber tow, which 
shows no fiber-bridging after coating processing. 
(b) Tensile Test Procedure: 
By the definition, Engineering Stress,  
                                                  
oA
F
=s ------------------------------------------------ (3.1)    
 Where, Ao is the original cross sectional area of specimen; F is applied force.  
     Engineering Strain,             
oL
LD
=e ------------------------------------------------ (3.2)    
Where, Lo is the original length of the gauge section; DL is the fiber elongation 
during the tensile test.  
Hooke’s law relates the parameters together as:  
                                                  
e
s
=E ------------------------------------------------ (3.3)    
Where E is the Young’s modulus. In this work, the 25mm standard gauge length 
was used according to ASTM 3379-75 and the crosshead speed was set at the 
constant rate of 0.5mm/min. Diameter of the final SiC fiber core has been 
measured by SEM and used for the calculation of mechanical properties. For each 
treatment condition, generally at least 10 fibers were mechanically tested and at 
least 40 coated fibers were tested for Weibull modulus statistical analysis and 
calculation. 
(c) Compliance Test: 
To check the stability of the machine, compliance tests have been carried out via 
the determination of the true value of fiber tensile modulus and failure strain of 
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the tests with gauge length from 10 to 50mm. As-received Tyranno ZMI SiC 
fibers were used as the test fibers and for each gauge length at least 20 effective 
values of the fibers have been measured and collected for the comparison. The 
calculation of the corrected values of modulus with related corrected values of 
fiber strain was a basis for evaluation of the reliability of the test machine via the 
dependence between the fiber modulus and the strain in the range from 3.0´10-3 
to the failure strain according to ASTM-3379 standard test method.  
From the typical stress-strain curve, the fiber compliance is determined via the 
fiber elongation up to the failure as shown in the equation 3.4:  
                                                  
F
L
C
D
D
= ----------------------------------------------- (3.4)    
Where DF is the variation of the applied load and C is the fiber compliance. 
Accordingly, the fiber characteristics ¾ strength sf, failure stain 
exp
fe and 
modulus expfE  are calculated as following: 
                                                 max2
4
F
rf ×
=
p
s -------------------------------------- (3.5)    
                                                
0
maxexp
L
FC
f
×
=e ----------------------------------------- (3.6)    
                                                
2
0exp 4
r
L
E f ×
=
p
------------------------------------------- (3.7)    
Here, the fs , 
exp
fe  and 
exp
fE  are the corresponding failure stress, failure strain and 
Young’s Modulus of the tested fibers. r is the radius of tested fiber, which has 
been measured by ESEM on the cross section of the single fiber.  The measured 
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fiber compliance C is equal to the sum of true compliance Ct and the system 
compliance Cs as shown in equation 3.8.  
                                                   St CCC += ------------------------------------------ (3.8)    
Cs can be obtained by the plotting C against L0 values when 
exp
fe  is constant by 
applying the linear regression to the equation: 
                                                  
t
S Er
L
CC
××
+=
2
04
p
--------------------------------- (3.9)    
In our work, the expfe  values are fixed from 3.0´10
-3 to 11.0´10-3 with an increase 
of 1.0´10-3 for each step. For each constant expfe , Cs is determined by the 
extrapolation of the plot in experimental C vs L0 as shown in Figure 3.3 
(ex. expfe =3.0´10
-3). 
 
 
Figure 3.3: Plot of fiber compliance as a function of gauge length  
where expfe  is fixed as a constant from 3.0´10
-3 to 11.0´10-3, respectively . 
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Similarly, the Cs values corresponding to the expfe  constant from 3.0´10
-3 to 
11.0´10-3 are obtained and listed in Table 3.1.  
 
Table 3.1: expfe , experimental C and calculated Cs values in the compliance tests 
 
C  ´  104 (m/N) exp
fe  ´ 10
3 
Lo =10 (mm) Lo =25(mm) Lo =35(mm) Lo =35(mm) 
Cs ´  104  
(m/N) 
3 4.81 11.86 12.93 20.50 1.26 
4 5.30 12.17 13.60 22.14 1.16 
5 5.70 12.57 14.07 23.32 1.21 
6 5.95 12.74 14.42 24.21 1.14 
7 6.12 13.51 14.69 24.92 1.33 
8 6.51 13.50 14.91 25.41 1.40 
9 6.57 13.48 15.09 25.96 1.30 
10 6.66 13.51 15.25 26.35 1.24 
11 6.75 13.85 15.39 26.69 1.32 
 
 
As shown in Table 3.1, it follows that the Cs values increase with the increase 
of expfe . By fitting Cs as a linear function on 
exp
fe  and by subsequent extrapolation to 
the fiber strain range (1.2´10-2 – 1.6´10-2) (Fig. 3.4), Cs values corresponding to 
experimental failure strain from performed tests, with different gauge length are 
deduced (Table 3.2)  
Also, corfe values are calculated followed the equation 3.10 and the results are listed 
together in Table 3.2. 
                                                   max
exp P
L
C
o
S
f
cor
f -= ee ------------------------------ (3.10)    
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Table 3.2: Cs, Pmax and 
cor
fe values related to fiber breaking strain 
exp
fe  
 in the compliance tests 
 
Lo 
(mm) 
exp
fe  ´ 10
2 Cs ´  10
4  
(m/N) 
Pmax 
(N) 
cor
fe  ´ 10
2 
10 2.0 1.49 0.268 1.6 
25 1.5 1.41 0.260 1.4 
35 1.3 1.38 0.263 1.2 
50 1.3 1.37 0.253 1.2 
 
 
 
Figure 3.4: Plot of fiber experimental compliance as a function of experimental strain.  
 
 
The measured tensile strength values of the fibers decrease with the increasing of 
gauge length (Fig. 3.5).  By the conversion of the experimental strain and modulus 
in the tested fiber strain range (equation 3.10 and 3.11), the corrected strain and 
modulus of the points from all the gauge lengths (Table 3.3) are plotted in Figure 
3.6.  By linear regression, the analytical expression of modulus versus strain was 
derived, which does not depend on the gauge length. 
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C
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f
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f
-
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1exp ------------------------------- (3.11)    
                                                  )2.41(216 corcorfE e´-×= ------------------------ (3.12)   
 
 
 
 
 
Figure 3.5: Experimental tensile strength values correlate with gauge lengths. 
 
 
 
 
Table 3.3: Tensile Moduli of the fibers measured in different gauge length 
 in the compliance tests 
 
Lo 
(mm) 
exp
fE (GPa) 
cor
fE (GPa) 
10 152 ± 15 156 ± 17 
25 209 ± 20 203 ± 26 
35 207 ± 33 202 ± 29 
50 198 ± 28 199 ± 28 
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Figure 3.6: Corrected tensile modulus as a function of corrected fiber strain  
in the compliance tests. 
 
 
From above nonlinear elastic expression of SiC fibers (Fig. 3.6), it can be seen that 
the decrease of fiber modulus with the increase of fiber stain (from zero to failure 
strain) is around 5~7% depending on gauge length, which has better correlation 
compared to that of the carbon fibers [90]. The experimental tensile strength and the 
corrected values of the modulus with the gauge length between 20-35mm are in 
good agreement with the values from the manufactures (s=3.4GPa, E=200GPa), 
which shows the stability and dependability of our tensile test measurements during 
the work.   
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4.  EXPERIMENTAL RESULTS 
4.1   Carbon Coating Synthesis  
4.1.1  CDC Coating Synthesis on Four Types of SiC Fibers at Low Temperatures  
Thin film carbon coatings, have been synthesized on four types of SiC fibers, 
Tyranno ZMI, Tyranno SA, Sylramic and Hi-Nicalon, at relatively low temperature — 
450ºC in chlorine for 21.5 hours at 1 atm have been conducted by Sascha Welz in 
University of Illinois at Chicago (UIC). SEM, Raman spectroscopy and mechanical 
tensile tests were conducted at Drexel to compare the properties of the fibers before and 
after chlorination.  
(i) Raman Analysis and SEM Observation: 
Surface structure and composition development of the four kinds of SiC fibers 
after the low-temperature-chlorination varied due to the different fiber compositions and 
structures.  
In general, all the pure carbon materials (diamond, graphite, etc) have their 
corresponding distinct Raman spectra [91-93]. This makes Raman particularly well suited 
for the characterization of carbon materials [94]. Graphite and graphitic carbons have 
spectra showing peaks at 1582-1600cm-1 (graphite or G band) corresponding to in-plane 
vibrations in the graphene sheet, and at around 1360cm-1 (disorder- induced or D band) 
corresponding to disordered carbon at the edges of the graphene sheet. Highly ordered 
pyrolytic graphite and natural single-crystal graphite do no t show the D band. Tuinstra 
and Koenig (TK) showed that the ratio of the integral intensities of these two bands 
(termed the ID/IG ratio) is inversely proportional to La, the in-plane length of the graphite 
crystallites, often referred to as the degree of graphitization [95]. Ferrari and Robertson 
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later determined, by combining analysis of the ID/IG ratio with position of the G band, an 
extension of the TK method of classifying amorphous carbons that included the sp3 
modification [96]. Their method is useful for graphitic carbons characterization. 
As to the CDC analysis, D band is fitted by a Lorentzian band peaking between 
1325cm-1 (under red excitation) and 1365cm-1 (blue excitation) [97]. As for sp2 
component, G band is best fitted by two Gaussians set at 1590 and 1625cm-1 (whatever 
the excitation). Also the small hump in between the shoulder of the two peaks, around 
1530cm-1 is attributed to C-C bonds intact with heteroatoms (e.g. oxygen). It is admitted 
that a carbon observed with the 514.5nm line is graphitic from the moment when 
intensities ID and IG become equivalent  [97]. If ID is stronger than IG, it means the carbon 
is more diamond-like rather than graphite, and vice versa. The SiC in the Tyranno ZMI 
and Hi-Nicalon fibers are Raman amorphous. While the SiC spectra for the Tyranno SA 
[98] and Sylramic fibers [99] are mainly consist of peaks around 796 and 972 cm-1. The 
peaks correspond respectively to the transversal optic (TO) and the longitudinal optic 
(LO) modes of ß-SiC (cubic structure, 3C-SiC in Ramsdell notation). The intensity ratios 
of ID/IG of the Raman spectra from the four kinds of carbon-coated fibers are listed in 
Table 4.1 and the corresponding characteristics of the Raman spectra and the morphology 
variation of those coated fibers are addressed as followings: 
(a) Tyranno ZMI Fibers 
There is no obvious change of the Tyranno ZMI SiC fibers in the Raman spectra 
after chlorination. A little decrease in G band is in the range of measurement 
error. Higher temperature chlorination may be needed to produce appreciable 
carbon coating on such fiber. 
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Moreover, a smoother surface can be observed after chlorination by ESEM.  
However, no perceivable thickness of carbon coating can be detected by the SEM 
backscattering when the fibers are treated at such low temperature. It is consistent 
with the Raman result. Hence, higher temperature chlorination should be used.  
 (b) Tyranno SA Fibers 
The increase of the G band and the decrease in ID/IG ratio of the chlorinated 
Tyranno SA fiber indicates the formation of graphitic carbon on the surface. 
Meanwhile, the increase in the intensity of SiC peaks is attributed to the 
crystallization of SiC in the fibers. Blurry surfaces of the fibers appeared after the 
chlorination. The treatments under these conditions seemed to be unsuitable for 
this type of fibers.  
(c) Sylramic Fibers 
The decrease of G band and increase in ID/IG in the Raman spectra, which means 
the graphite in the Sylramic SiC fiber is consumed during the treatment process, is 
not helpful for the formation of carbon coatings. The increased intensity of SiC 
peaks because of the crystallization of SiC on the surface of the fibers, as well as 
the fluffy surfaces of the fibers after the chlorination is similar to that of the 
Tyranno SA fibers and not suitable for the carbon coating either.  
(d) Hi-Nicalon Fibers 
Same trend of the decrease of G band and the increase in ID/IG is observed in the 
Raman spectra of the above two kinds of the fibers. Moreover, it is worth to 
mention that the Hi-Nicalon is a highly developed fiber and has smooth surface 
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and fewer defects compared to the other type of SiC fibers. It is difficult to 
recognize any morphology change after the chlorination. 
 
 
Table 4.1: Comparison of the ID/IG and IG/ISiC of Four Kinds of the SiC  Fibers  
before and after Chlorination at 450ºC 
 
 
Type of Fibers             Treatment Condition               ID / IG                 IG / ISiC 
                                                                                            
                                         Raw Fibers                              1.27                        — 
Tyranno ZMI                 450ºC Chlorination                               1.28                          — 
                                        Raw Fibers                               0.87                       5.75 
 Tyranno SA                  450ºC Chlorination                    0.80                       3.24 
                                        Raw Fibers                               0.81                       1.10 
   Sylramic                     450ºC Chlorination                    0.90                       0.36   
                                         Raw Fibers                              1.34                         — 
Hi-Nicalon                    450ºC Chlor ination                    1.50                         — 
 
 
 
 
(ii) Mechanical Tensile Tests: 
The tensile tests of all four kinds of chlorinated SiC fibers have been performed 
both at Drexel and UIC, which are consistent as shown in Table 4.2 and Figure 4.1. The  
results show the properties of carbon-coated fibers are stable and independent of the test 
location and the testing machine within an acceptable range.  
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Table 4.2: Mechanical Properties of Four Kinds of the SiC  Fibers 
 before and after Chlorination at 450ºC 
 
 
                                                                                                       Mechanical        Properties 
 Type of Fibers       Treatment Conditions     Young’s Modulus      Tensile strength        Elongation 
                                                                                          GPa                             GPa                             % 
 
Tyranno ZMI 
 
Original Fibers 
Chlorinated 
Chlorinated 
200 
231±11 
230±29 
3.4 
3.2±1.6 
4.3±0.8 
1.7 
1.4±0.7 
2.6±0.4 
 
Tyranno SA 
 
Original Fibers 
Chlorinated* 
Chlorinated+ 
420 
338±48 
345±49 
2.8 
1.4±1.1 
1.3±0.6 
0.7 
0.5±0.2 
0.4±0.2 
 
Sylramic 
 
Original Fibers 
Chlorinated* 
Chlorinated+ 
400 
326±36 
345±48 
2.8 
2.3±1.8 
3.1±1.0 
0.7 
1.0±0.2 
0.9±0.2 
 
Hi-Nicalon 
 
Original  Fibers 
Chlorinated* 
Chlorinated+ 
270 
256±46 
269±18 
2.8 
2.9±1.0 
3.2±0.6 
1.4 
1.3±0.6 
1.1±0.4 
 
(the values with “*” are the measurements carried out at Drexel;  
while the values with marker “+” are measured at UIC) 
 
 
 
From Figure 4.1, it can be seen that the Young’s modulus of the Tyranno ZMI 
fibers were improved after chlorination. Higher value of breaking strength and ultimate 
strain were shown by UIC, while data from Drexel were a little bit lower, but still in the 
high value range compared to the other kinds of fibers. Although partly increase in the 
breaking strength and ultimate strain, carbon-coated Sylramic fibers also shows 
degradation in Young’s modulus as that of the Tyranno SA SiC fibers after chlorination. 
Hi-Nicalon fibers are well designed and no much effect can be seen by this kind of 
treatment. All the mechanical tests results are in good agreement with the SEM 
morphology observation.  
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Figure 4.1: Stress? strain curves of the four kinds of SiC fibers before and after 
chlorination at 450°C for 21.5h. (a) Tyranno ZMI; (b) Tyranno SA; (c) Sylramic;  
(d) Hi-Nicalon SiC fibers.  (1: as-received fibers; 2 chlorinated and tested at Drexel; 
 3: chlorinated and tested at UIC). 
 
 
 
Obviously, Tyranno ZMI SiC fiber, which has high modulus and shows improved 
mechanical properties by the introduction of a thin film carbon layer already at very low 
(c) 
(a) (b) 
(d) 
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temperature of 450°C, is the most promising for the CDC coating synthesis and 
reinforcements in CMCs compared to other kinds of fibers. Systematic study of various 
chlorination treatments on Tyranno ZMI SiC fibers has been conducted and Sylramic 
fibers are used for comparison.   
4.1.2  Carbon Coating Synthesis on Tyranno ZMI SiC Fibers  
     (i) Kinetics and Mechanisms:  
 
Table 4.3: Coating properties after chlorination treatments 
                                                                                                            
       Treatment                       Thickness of               Total Diameter                         
       Conditions                    Carbon Coatings            of the Fibers           ID/IG              La 
                                                       (µm)                             (µm)                                          (nm)       
         As-received  
Tyranno ZMI SiC Fibers                 —                                  11                       1.37                — 
 
Chlorination 
3 hours 
550ºC 
650ºC 
700ºC 
0.15 ± 0.05 
0.32 ± 0.05 
1.48 ± 0.12 
10.98 ± 0.08 
10.85 ± 0.10 
9.58 ± 0.15 
0.97 
0.95 
0.93 
 
4.5-4.8 
 
 
Chlorination 
4 hours 
550ºC 
650ºC 
700ºC 
0.25 ± 0.05 
0.72 ± 0.10 
2.18 ± 0.11 
10.69 ± 0.06 
10.53 ± 0.12 
8.09 ± 0.13 
0.96 
0.94 
0.87 
 
4.6-5.0 
 
 
Chlorination 
650ºC 
 
3 h 
3.5 h 
4 h 
4.5 h 
1.48 ± 0.10 
1.91 ± 0.12 
2.18 ± 0.15 
2.46 ± 0.11 
9.58 ± 0.11 
9.48 ± 0.15 
8.23 ± 0.12 
8.09 ± 0.18 
0.93 
0.90 
0.87 
0.87 
 
4.7-5.1 
 
 
  
Chlorination 
     700ºC 
40 min 
60 min 
80 min 
0.95 ± 0.05 
1.45 ± 0.12 
1.89 ± 0.21 
8.09 ± 0.08 
7.90 ± 0.10 
7.70 ± 0.16 
0.92 
0.90 
0.89 
 
4.7-5.0 
 
 
 
To investigate the temperature effect on the kinetic growth of carbon coatings on 
Tyranno ZMI SiC fibers, chlorination have been conducted in the temperature of 550-
700°C with 50°C increments for 3 and 4 hours in pure Cl2 at atmospheric pressure, 
respectively. At 650°C and 700°C, chlorinations were also carried out at various periods 
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of time for kinetics study. Thickness of the carbon coatings formed by this way was 
detected from SEM backscattering images and the characteristic pictures are shown in 
Figure 4.2. Specific treatment conditions and the corresponding thickness of the carbon 
coatings are listed in Table 4.3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Cross-sectional SEM images of the carbon-coated Tyranno ZMI SiC fibers 
under various chlorination conditions: (a), (b) and (d) are the backscattered images of 
fibers after chlorination at 550°C for 4h, 650°C for 4h and 700°C for 1h respectively; (c) 
Secondary electron image of the fiber chlorinated at 650°C for 3.5h. 
        
   
 
 
SiC 
Carbon 
Layer 
0.21µm 
D=10.98 µm 
SiC 
D= 8.10 µm 
Carbon 
Coating 
2.29µm 
SiC 
Carbon 
Coating 
1.91µm 
D= 9.48 µm 
SiC Carbon 
Coating 
1.45µm D= 8.09 µm 
(d) (c) 
(a) (b) 
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As shown from the Figure 4.2 and Table 4.3, the surface layer of ZMI type SiC 
fibers can be uniformly transformed to carbon by chlorination above 550°C. The 
thickness of the carbon layer increased linearly with the treatment temperature and time.  
By comparing the diameter of the treated fibers (the original diameter of SiC fibers is 
12mm), we can see the shrinkage of the fiber accompanying the whole chlorination 
process. The extent of the diameter loss increases with the enhancement of the 
temperature, which may in turn decrease the tensile strength of the fibers as discussed in 
the mechanical properties part (iii). Carbon oxidation by oxygen in the fiber or oxidation 
of the outer CDC layer by oxygen impurities in the furnace can explain the observed 
diameter decrease.  
Figure 4.3a and 4.3b plots the averaged thickness of the carbon coatings as a 
function of chlorination time at 550°C, 650°C and 700°C, respectively. The CDC layer 
growth follows a linear kinetics. This shows the CDC layer formed on Tyranno SiC 
fibers by this method is similar to other CDC treatment  [54-55, 86, 98], but less time is 
needed. In this situation, the diffusion of reactant species does not act as the rate-
controlling factor, so the thickness of carbon coating increases linearly with the time as 
following:  
                                                            ktd =   ----------------------------------------------- (4.1) 
Where d ¾ is the layer thickness, k ¾ is the rate constant of the reaction and t ¾ is the 
reaction time. By the linear regression of the lines in Figure 4.3b, the apparent activation 
energy of the chlorination of SiC fibers (ZMI type) can be determined:  at 550°C, k1= 
0.07um/h (R2=0.999); at 650°C, k2 = 0.545um/h (R2=0.999); and at 700°C k3 = 
1.426um/h (R2=0.999). According to Arrhenius equation    
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                                                        K = Ze-Ea/RT -------------------------------------------------- (4.2)  
                                          lnK = -Ea/R*[1/T] + lnZ ---------------------------------------- (4.3)  
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Figure 4.3: Correlation between the chlorination conditions and thickness of CDC 
coatings: (a) thickness vs treatment temperatures; (b) thickness vs treatment time; (c) 
Arrhenius plot of lnK-1/T for the chlorination of ZMI SiC fibers in pure Cl2. 
 
 
Where ¾ Z is proportionality constant varies with different reactions; ¾ Ea is the 
activation energy for the reaction; ¾ R is the ideal gas constant in Joules/mole Kelvin; ¾ 
(a) (b) 
(c) 
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T is the temperature in Kelvin. From the plot of 1/T vs lnK, as shown by Figure 4.3c, the 
apparent activation energy Ea of the chlorination for Tyranno ZMI SiC fibers can be 
determined by the slope of the straight- line -Ea/R. Hence, the activation energy of the 
chlorination for the CDC coating synthesis on the Tyranno ZMI SiC fiber by this method 
is Ea =143.6 KJ/mol.  This linear kinetics suggests that the interfacial reaction acts as the 
rate limiting step during the process.  
To better understand the chlorination mechanism on various SiC fibers, Sylramic 
SiC fibers are also chlorinated at 650ºC for 3 hours in pure chlorine for comparison. By 
the aid of the observation from SEM backscattering, the Sylramic SiC fiber was found to 
be very difficult for carbon-coating synthesis compared to Tyranno ZMI fiber under the  
same treatment condition. After 3 hours chlorination at 650ºC, the thickness of the carbon 
coating formed on Sylramic fiber is 100-150nm, while the coating formed on ZMI fiber 
can reach 1500nm. The possible reason for this result may be attributed to the high 
percent of unbounded carbon in the as-received ZMI fibers and very small SiC particle 
size (~2µm). By the consumption of the SiC, which follows the equation (2.1), the newly 
formed carbon accumulates together with the original carbon inside the fiber, thus makes 
the carbon coating much easier than other crystalline SiC fibers. 
    (ii) Raman Spectra Analysis 
Raman microscopy analysis has been employed to observe the effect of the 
chlorination conditions on the Tyranno ZMI SiC fibers. The shifting of the peak position 
and change of intensity in Raman spectra can be observed as shown in Figure 4.4. The 
corresponding ID/IG ratio is calculated by the deconvolution [100] method and listed in 
Table 4.3. Plots of ID/IG ratios vs the chlorination conditions are shown in Figure 4.5. 
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Moreover, the in-plane crystallite sizes of graphite in the carbon coating layers are 
calculated by 
1
4.4 Da
G
IL I
-
æ ö= ç ÷
è ø
(nm) [100].  It is can be seen that the increase of G band 
and the decrease of ID/IG as shown in Fig. 4.5 indicate the formation of graphite carbon 
on the surface of the fiber. While with the longer time of chlorination and higher 
treatment temperature, the ID/IG ratio decreases gradually, which is attributed to the 
continuous formation of crystallized graphite [100]. Meanwhile, the grain size of the 
graphite also increases with the longer chlorination time or higher temperatures 
accordingly.    
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Figure 4.4: Raman spectra analysis of Tyranno ZMI SiC fibers after chlorination: (1) 
Chlorination at various temperatures for 4h: (a)As-received fibers; (b) 550°C treatment; 
(c) 600°C treatment and (d) 650°C treatment. (2) Chlorination at 700°C for various 
periods of time: (a) as-received fibers; (b) 40min treatment;  
(c) 60min treatment and (d) 80min treatment. 
 
 
 
 
 
(1) (2) 
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  (iii) Mechanical Tensile Tests  
Mechanical tensile tests have been conducted for the fibers under various 
chlorination conditions. Sylramic fibers chlorinated at 650ºC for 3 hours are also used for 
comparison.   The results are listed in Table 4.4 and Figure 4.6. 
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Figure 4.5: Variation of ID/IG with chlorination conditions of the Tyranno ZMI SiC  
fibers. (a): ID/IG vs treatment temperatures; (b): ID/IG vs treatment time. 
 
Table 4.4: Comparison of the mechanical properties of Tyranno ZMI SiC fibers           
before and after various chlorination treatments 
 
Treatment 
Conditions  
Mechanical Properties 
 
 
Type of 
SiC fiber 
 
Temp. 
(ºC) 
Time 
Coating 
Thickness 
(µm) Young’s 
Modulus 
(GPa) 
Ultimate 
Strength 
(GPa) 
Critical 
Strain 
(% ) 
As-received — 193 ± 29 3.3 ± 1.3 1.7 ± 0.6  
 
Tyranno  
ZMI 
550 
600 
650 
700 
3 h 
3 h 
3 h 
40 min 
0.13 ± 0.05 
0.32 ± 0.05 
1.50 ± 0.12 
0.95 ± 0.08 
247 ± 48 
179 ± 31 
70 ± 29 
245 ± 120 
3.6 ± 0.9 
1.0 ± 0.9 
0.7 ± 0.3 
2.7 ± 1.3 
1.6 ± 0.4 
0.6 ± 0.4 
1.1 ± 0.3 
0.9 ± 0.2 
As-received — 288 ± 34 2.6 ± 1.0 0.9 ± 0.2  
Sylramic 
650 3 h 0.10 ± 0.08 189 ± 31 0.3 ± 0.1 0.2 ± 0.1 
        
(a) (b) 
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From Figure 4.6, it can be seen that 550ºC for 3 hours is the optimal chlorination 
condition for the synthesis of carbon coatings on ZMI SiC fibers. The mechanical 
properties of such coated fibers are improved by the formation of thin carbon coatings 
(150-200nm). Moreover, the desired pullout behavior is also observed during the tensile 
tests of the coated fibers (Fig.  4.7). However, the relatively high temperature (600ºC or 
even higher) treatment may also cause certain degradation for the coated ZMI fibers and 
the results are shown in the same graph. Moreover, at 700ºC -  a fairly high temperature, 
shorter time’s chlorination can also increase the mechanical properties of the ZMI fibers, 
but a larger scattering of the results was observed compared to that of the 550ºC 
chlorination. 
So the Tyranno ZMI SiC fibers with 150-200nm carbon coating, which has been 
synthesized by the chlorination treatment at 550ºC for 3 hours, is smooth, conformal with 
enhanced mechanical strength and suitable for the application in the CFCCs and further 
synthesis of BN and AlON coatings. As to the fiber with thick CDC coating more than 2 
mm, a significant part of the fiber cross-section is lost and the mechanical properties of 
the fibers decrease. However, those coated fibers are still strong enough to be used as 
activated carbon fibers for various chemical and electrochemical applications, where high 
surface area and fabric morphology are required. The SiC core allows them to maintain 
sufficient strength for such applications.  
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Figure 4.6: Averaged Young’s Modulus of Tyranno ZMI SiC fibers  
before and after various chlorination treatments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Typical stress-strain test curve of the single Tyranno ZMI SiC fiber after 
chlorinated at 550ºC for 3h showing pullout behavior from the paper frame. 
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4.2   Boron Nitride  Coating Synthesis  
4.2.1  BN Coating Synthesis on ß-SiC Powders   
After chlorination at 1000ºC for 3 hours, ß-SiC powder was stoichiometrically 
mixed together with H3BO3 powder at a ratio of 9:4 and then nitrided at 1165ºC for 65 
minutes in ammonia. XRD, TEM and EELS analyses were conducted to confirm the  
formation of BN.   
(i) X-ray Diffraction: 
X-ray diffraction analysis was carried out for the ß-SiC powders after each step of 
treatment, as shown in Figure 4.8. ß-SiC powders (Fig. 4.8a) were completely converted 
into carbon by chlorination in pure Cl2 at 1000ºC for 3 hours (Fig. 4.8b). The broad peak 
in the XRD pattern shows that the carbon powders obtained are mainly amorphous, while 
small peaks of graphite are also visible. BN coatings were obtained after the nitridation of 
CDC powders at 1165ºC for 60 minutes in ammonia (Fig. 4.8c). The BN obtained was 
mainly composed of the amorphous phase, which was induced by the amorphous  carbon. 
Some hexagonal BN (JCPDS: 34-0421) was also present in the coatings formed by this 
method. During nitridation, boric acid powder first dehydrated to form boria when the  
temperature was above 100ºC, then part of the boria sublimated at temperatures over 
170ºC [43], and the remainder completely reacted with ammonia at the synthesis 
temperature. There is no crystalline boria remaining among the reaction products 
according to the XRD pattern. 
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Figure 4.8: X-ray diffraction patterns for the powders: (a) as-received ß-SiC powder; (b) 
CDC powder; (c) H3BO3-infiltrated CDC powder after nitridation at 1165°C for 60min. 
 
 
 (ii) TEM and EELS Analysis: 
Three distinct layers with different compositions were detected by the EELS 
mapping analyzed from the nitrided CDC SiC powders as shown in Figure 4.9. The 
outermost layer of the powder is pure BN coating with an average thickness of 50-70nm, 
in which the carbon was totally consumed during the reaction. The intermediate layer is a 
mixture of BN and carbon with a thickness of 75-110nm and the inner layer (core) of the 
particle is unreacted carbon. The central part of the particle could not be fully represented 
by the EELS mapping due to the thickness limitation (Fig. 4.9c). The total thickness of 
BN coating is around 120-180nm. Formation of BN and mixed BN/C layers is most 
probably attributed to the maximization of energetically favorable C-C and B-N bonds, 
 60 
rather than the B-C and N-C bonds [100-103]. The introduction of CDC layer does not 
only help to facilitate the formation of BN by decreasing the Gibbs energy of the 
reactions, but also helps to consume the excess B2O3 on the fiber. Therefore, no oxygen 
was detected in the BN layers, which is an important advantage compared to other 
oxygen-containing BN coatings synthesized from H3BO3 [104, 105]. 
Figure 4.10 shows the HRTEM images of BN-coated CDC powders. The BN 
layer was mainly composed of h-BN and amorphous BN. The mechanism of formation of 
BN could be understood by HRTEM and EELS analysis. The inner layer of the coating at 
the BN/C interface is mainly composed of amorphous BN.  Certain amount of hexagonal 
BN crystals, with spacing d002=0.336nm as shown in Figure 4.10b, appeared in the 
middle of the BN coatings and nanocrystalline h-BN became dominant in the surface 
layer of the coatings. A small amount of cubic BN with spacing d111=0.209nm was also 
observed at the interface with the CDC layer (Fig. 4.10c). The mechanism of its 
formation is probably similar to that of nanocrystalline diamond growth upon 
chlorination of SiC [100, 106]. Detailed discussion of the structures of such BN coatings 
is published elsewhere [107]. It can be assumed that the amorphous and  diamond-
structured BN formed by the reaction with ammonia at the C/BN interface, trans formed 
to the more stable hexagonal modification as the reaction front propagated toward the 
particle core during the nitridation. The presence of hexagonal BN in the intermediate 
layer of BN coatings suggests this mechanism. The increased temperature during 
nitridation makes the conversion from a-BN to h-BN more kinetically favorable [38]. 
This is also consistent with the reported BN growth sequence: a-BN? h-BN [108, 109]. 
The small amount of boron oxides generated from the reactants at the beginning of the  
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nitridation also helps to form the hexagonal-structured boron nitride. The same 
phenomenon has been reported during the synthesis of BN by CVD [110]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: EELS elemental mapping of the BN-coated CDC ß-SiC powders  
by nitridation in NH3 at 1165°C for 60min:  
(a) TEM image; (b) Boron map; (c) Carbon map; (d) Nitrogen map. 
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Figure 4.10: TEM images of BN crystals formed by the nitridation of CDC ß-SiC 
powder at 1150°C for 80 min. (a) Amorphous BN; (b) Hexagonal BN; (c) Cubic BN.  
 
 
 
4.2.2  BN Coating Synthesis on Tyranno ZMI SiC Fibers and Fabrics  
SiC fibers coated with 150-250nm (thin coating) and 1.5µm (thick coating) CDC 
layers were nitrided at 1150°C in ammonia for various periods of time, respectively. The 
corresponding treatment conditions are listed in Table 4.5.  
1nm 
(a) 
a-BN 
 
(b) 
1nm 
d 002 
h-BN 
(c) 5 nm 
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Table 4.5: Nitridation Conditions for CDC Coated SiC Samples 
 
Materials  Thickness of 
 CDC coating  
(µm) 
Nitridation  
Temperature  
 (ºC) 
Nitridation  
Time (min) 
Color 
Description after 
Nitridation 
 ß-SiC Powder Complete 
Transformation 
 
1165 
 
65 
 
White 
1.5 1150 60 Grey  
Tyranno ZMI 
 SiC Fibers 
 
 
0.15 
 
1150 
1150 
1165 
60 
80 
65 
Brown 
Violet 
Blue 
 
 
 
 
 
Figure 4.11: X-ray diffraction patterns for the synthesis of BN coating on Tyranno ZMI                 
SiC fabrics under various nitridation conditions: (a) as-received Tyranno ZMI SiC fibers; 
(b) CDC (0.15µm) coated fibers nitrided at 1150°C for 60min;  
(c) CDC (0.15µm) coated fibers nitrided at 1150°C for 80min;  
(d) CDC (1.5µm) coated fibers nitrided at 1150°C for 60min. 
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(i) X-ray Diffraction Analysis: 
The XRD analysis of the nitrided fibers is shown in Figure 4.11. Like the 
powders, BN coatings synthesized on the SiC fibers with thin CDC layers are mainly 
composed of amorphous BN (Fig. 4.11b and c), while hexagonal BN was the dominant 
structure on the SiC fibers with thick CDC layers (Fig. 4.11d). The probable reason is 
that the thick carbon coating allows production of a relatively thick BN layer, from which 
the amorphous BN formed at the beginning of the reaction tends to convert to the 
hexagonal modification. Also longer nitridation time helps to increase the content of h-
BN crystals in the coatings. This is consistent with the results obtained on powders. In 
addition, the increase of the diffraction peaks from SiC in the pattern can be attributed to 
the crystallization of SiC in the fiber from its original amorphous phase during the high 
temperature treatment. The longer chlorination and nitridation time used, the more 
obvious SiC peaks appear. This is not desirable for SiC fibers, so optimization of the 
nitridation condition is required to suppress the fiber crystallization.  
(ii) Raman Spectra Analysis: 
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Figure 4.12: Raman analysis of Tyranno ZMI SiC fibers (with 0.15µm-thick CDC layer) 
before and after nitridation under various treatment conditions: (a) as-received SiC fibers; 
(b) nitridation at 1150°C for 60min; (c) nitridation at 1150°C for 80min;  
(d) nitridation at 1165°C for 65min. 
 
 
Figure 4.12 shows the Raman spectra of the SiC fibers after nitridation under 
various conditions. All the fibers had the same CDC layers of about 0.15µm thickness. 
The D and G bands originate from the free carbon in the raw fibers, while the amorphous 
SiC does not show any peaks in Raman spectra. With increasing nitridation time and 
temperatures, the peak in the D band position increases in intensity, shifts gradually to 
higher wavenumbers, and eventually reaches the position of 1367cm-1, which is the  
characteristic peak of h-BN [111]. It gives additional confirmation that BN can be 
successfully produced on SiC fibers by this method. Moreover, for the same thickness of 
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carbon coating on the SiC fibers, longer reaction time or higher temperatures help to form 
the relatively thick BN coatings.  
 (iii) EELS and HRTEM Analysis : 
 
 
 
 
 
 
 
Figure 4.13: (a) TEM analyses of a 200nm BN-coated Tyranno ZMI SiC fiber  
(200nm thick CDC layer, nitridation at 1150°C for 80min):  
(a) TEM image; (b) Geometric calculation of the real coating thickness. 
 
(a) 
(b) 
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The fibers used for preparation of the TEM samples were nitrided in ammonia at 
1150°C for 80 minutes. Three distinct layers with different compositions were detected 
by the EELS analysis from the nitrided CDC SiC fibers as shown in Figure 4.14. Judging 
from EELS and TEM analysis, the layer formed on the surface of the CDC-coated SiC 
fibers is similar to the coating on the CDC SiC powder. It is composed of pure BN (~80-
100nm) at the surface and an intermediate mixture of BN with some carbon, which have 
not been totally consumed during the reaction,  adjacent to the interface of the SiC/CDC 
coating. A uniform and smooth BN coating with good adherence to the fiber core is 
clearly seen in the HRTEM image in Figure 4.13a.  However, the thickness of the BN 
coating observed in Fig. 4.13a must be calculated accounting for the geometric factors in 
TEM analysis. The diameter of such BN-coated fiber is 10.8µm as known by SEM, so the 
real thickness of the BN coating on the SiC fiber is around 200nm by the geometric 
calculation (Fig. 4.13b). 
Moreover, the crystal structures of the BN formed in the coating layer were also 
detected by the HRTEM analysis as shown in Figure 4.15. It can be seen that part of the 
surface coating was lost during the ion-milling. Amorphous carbon, amorphous BN and 
some BN crystals were found in the coating. Details of their crystal structures can be seen 
in the HRTEM image in Figure 4.15c. Amorphous BN and hexagonal BN are still the 
main components in the coatings. Small amount of cubic BN crystallines were also found 
at the interface of BN/CDC, which can be clearly seen in the Figure 4.15c. The formation 
of the nanocrystalline cubic BN was most probably induced by the nanocrystalline 
diamond-structured carbon in the CDC layers, which were formed by the chlorination [99] 
and contributed to the increase of the Young’s modulus from 190GPa of the as-received  
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Figure 4.14: Typical EELS spectra from the CDC powders nitrided in NH3 at 1165°C for                 
60min: (a) Outermost layer of pure BN with average thickness of 50-70nm;  
(b) Intermediate layer of BN and C mixture with average thickness of 75-110nm;  
(c) Interior layer of pure C. The backgrounds of all spectra are subtracted.  
The blunt carbon edge in (c) is due to the increasing thickness toward  
the center of the analyzed particle. 
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Figure 4.15: TEM images of the BN-coated Tyranno ZMI SiC fiber.  
(200nm thick CDC layer, nitridation at 1150°C for 80 minutes).  
(a) TEM image of the BN-coated fiber shows the uniform BN coatings with good 
adherence to the fiber core; (b) TEM image of the nanocrystals embedded  
in amorphous phase in the coating layers on the Tyranno fibers;  
(c) HRTEM image shows the structures of BN nanocrystals in the coatings. 
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fibers to 245GPa of the thin carbon-coated fibers [112]. Similar to carbon, at very small 
grain size (less than 5-10nm), cubic BN may be energetically favored over h-BN [113]. 
This is also consistent with the aforementioned results of the BN coatings on SiC powder.  
(iv) Morphology Observation of the BN-coated Fibers and Fabrics: 
SEM images of CDC coated SiC fibers before and after the nitridation are shown 
in Figure 4.16. It can be seen that the fiber retained smooth surface and cylindrical shape 
after chlorination and nitridation. More important, no fiber-bridging occurred as can be 
seen.   
  
 
 
 
Figure 4.16: SEM images of the cross section of CDC-coated Tyranno ZMI SiC fibers                 
before and after nitridation. (a): Secondary electron image of SiC fiber with                 
0.15µm thickness carbon coating; (b) and (c): Cross sectional and horizontal images of 
BN-coated SiC fiber bundles after nitridation at 1150°C for 80 minutes.  
10  µm 
(c) 
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Also the optical images of the Tyranno SiC fabrics (3" wide and 6" long) before and after 
nitridation at 1150°C for 80 minutes are shown in Figure 4.17. Obvious color change 
from the black to the brownish is observed from surface of the fabrics before and after 
nitridation. The homogenous brownish color is due to the formation of the BN coatings  
on the SiC fabrics.  
 
         
 
Figure 4.17: Optical images of the Tyranno  ZMI SiC fabrics before and after  
nitridation at 1150°C for 80 minutes. 
 
 
(v) Mechanical Properties of the Coated Fibers: 
Tensile tests were performed on the SiC fibers before and after nitridation to 
investigate the effect of nitridation on the mechanical properties of these fibers. The 
average breaking stress, ultimate strain and Young’s modulus were calculated and 
compared for these fibers in Table 4.6.  Although the high-temperature treatment can 
cause damage to the mechanical properties of SiC fibers as known from other synthesis 
attempts [104,105], the BN-coated SiC fibers prepared by this method have shown no 
significant change in mechanical strength as well as a slight increase in the Young’s 
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moduli, which indicates the possibility of applications of such BN-coated fibers in CMCs. 
Since the fibers for testing were taken from the fabric after nitridation, the high strength 
measured is another good evidence to exclude possibility of fiber-bridging. Otherwise, 
the fibers would be inevitably damaged during their separation. The absence of 
degradation in the SiC fibers during nitridation is mainly attributed to the introduction of 
the carbon layer between the BN coating and SiC fiber in our method, which is consistent 
with the reports from L. Shen [105]. The CDC layer did not only participate in the 
nitridation reactions, but also was sacrificially oxidized by the oxygen from the boria to 
protect the SiC fibers from degradation as well as to control the thickness of BN coatings. 
Moreover, the mechanical strength and Young’s modulus of the SiC fibers can also be 
slightly improved by thin carbon coatings formed during chlorination [114].  However, 
the mechanical properties of the fibers with thick carbon layers (1.5µm) are much lower 
than those of the as-received fibers. A contributing factor is the 15% loss of the fibers 
cross-sections during chlorination at higher temperatures, compared to the thin carbon 
(0.15µm) coated fibers with only 1.5% loss. The optimal condition to synthesize BN 
coatings on the thin-carbon-coated SiC fibers is the nitridation in ammonia at 1150°C for 
60 minutes. More important, such BN-coated fibers show obvious enhancement in 
debonding and pullout from the polymer glue in single-fiber stress-strain mechanical tests 
(Fig. 4.18), which is an important factor in the toughening of CMCs [115]. 
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Table 4.6: Mechanical Properties of the Tyranno ZMI SiC Fibers                                  
after Various Nitridation Treatments 
 
Materials  Thickness of  
CDC 
Coating 
(µm) 
Percentage  
of Fibers  
Pullout 
(%) 
Ultimate 
Stress  
(GPa) 
Breaking  
Strain  % 
Young’s 
Modulus  
(GPa) 
As-received 
Tyranno ZMI  
 
------- 
 
0 
 
3.3 ± 1.3 
 
1.7 ± 0.6 
 
193 ± 29 
Chlorination      
550ºC, 3 hour 0.15±0.05 10 3.6 ± 0.9 1.6 ± 0.4 247 ± 48 
650ºC, 3 hour 1.50±0.10 1 0.7 ± 0.3 1.1 ± 0.3 70 ± 29 
Nitridation      
1165ºC, 65min 0.15±0.05 60 2.8 ± 0.8 1.4 ± 0.3 199 ± 20 
1150ºC, 80min 0.15±0.05 60 2.5 ± 0.9 1.3 ± 0.5 195 ± 26 
1150ºC, 60min 0.15±0.05 65 3.3 ± 0.9 1.6 ± 0.3 203 ± 35 
 
 
 
 
 
Figure 4.18: Typical stress-strain curve of a 200nm-thick BN-coated Tyranno SiC fiber                   
showing pull-out behavior from the paper frame in the mechanical tensile test. 
 
 
 
4.2.3  BN Coating Synthesis on CVD SiC Fibers    
SCS-6, as one of the thick diameter SiC fibers developed in recent decades, has 
been widely studied for its broad applications in metal, ceramic and polymer matrix 
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composites with their high strength properties, wettability for metals, low electrical 
conductivities, and high resistance/chemical stability in high temperature up to 1200ºC. 
In our work, we attempted to synthesize BN coatings on the SCS-6 SiC fibers to enhance 
their chemical stability in oxidation environments as well as to achieve debonding 
behavior in the application of CMCs to avoid catastrophic failure during the fracture.   
The morphology of SCS6 carbon coated SCS6 fibers have been characterized by 
SEM. The total diameter is about 150um, with a homogenous carbon coating of 3µm, as 
shown in the Figure 4.19. The general physical properties of the SCS-6 are shown in 
Table 4.7. 
 
 
 
  
 
Figure 4.19: ESEM Images of the cross-section of the as-received SCS-6 SiC fibers. 
 (a) Secondary electron micrograph of the fiber: (1) 33µm carbon monofilament substrate; 
(2) mid-radius boundary; (3) ß-SiC sheath region; (4) outer carbon coating;  
(b) Backscattering image of the cross-section of the fiber. 
 
 
 
 
 
50µm 50µm 
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C SiC 
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Table 4.7: General Properties of SCS-6 SiC Fibers 
 
Diameter Density 
 
Tensile  
Strength 
 
Tensile 
Modulus  
Coefficient of 
Thermal 
Expansion 
140µm 3.04 g/cm3 3.45 GPa 380 GPa 4.1 10-6/K 
 
 
(i) Effect of Pretreatment Condition on the Synthesis of BN Coatings: 
As the 3µm thickness carbon layer on the top of the SCS-6 SiC fiber is much 
denser compared to the CDC coating synthesized in the Section 4.1, pretreatment of 
annealing at 500ºC for 20mins of the as-received fibers has been conducted to oxidize the 
superficia l carbon layer so as to make it porous enough for the further infiltration.     
   
 
 
 
Figure 4.20: ESEM cross-section image of the surface of the as-received SCS-6 SiC 
fibers after annealed at 500ºC. 
    
50µm 
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Sufficient tiny holes appeared in the surface laye r of the annealed SCS-6 fibers as 
seen in the image in Figure 4.20. About 0.5µm carbon layer was oxidized during such 
annealing process by the observation of the backscattering image of the treated fibers. 
Nitridation at 1150ºC for 80minutes has been carried out on both of the as-
received and annealed SCS-6 fibers after infiltration by saturated H3BO3 solution at 
100ºC for 30mins. The BN layers of orange color of around 400-500nm in thickness were 
formed on the SCS-6 surface for both kinds of fibers. Raman spectroscopy (Fig. 4.21) 
was used to confirm the formation of BN coatings on the top of these fibers.   
No obvious difference has been observed by the comparison of the Raman spectra 
and the BN coating thickness between the BN-coated SCS-6 SiC fibers with and without 
the pretreatment.  Thus, the annealing of the fibers in the air is not imperative for the 
synthesis of BN coatings on the SCS-6 fibers, as far as the evacuation time controlled to 
be long enough to keep the as-received fibers well infiltrated with H3BO3.    
(ii) Effect of Nitridation Effects on the BN Coatings Synthesis: 
Nitridation at 1150ºC for 120minutes has also been conducted in 20sccm 
ammonia gas flow after the as-received SCS-6 fibers were fully infiltrated by H3BO3 3 
times for 30minutes. 
An obvious light purple/green color coating was formed on the surface of the 
fiber surface, compared with the as-received ones (Fig. 4.22). The formation of the BN 
resulted in the glossy surfaces of the fibers. The color varied from light purple to green, 
which is mainly attributed to the different BN coating thickness along the 10" long fibers. 
Two extreme situations were observed by ESEM as shown in Figure 4.23. The purple  
coatings are somewhat thicker compared to the green ones and the variation of coating 
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thickness is around 200nm, which is acceptable in the applications of large diameter 
fibers ( total ? D=150µm).  
 
 
 
 
Figure 4.21: Raman spectra of the SCS-6 SiC fibers before and after treatments: (a) as-
received fibers; (b) oxidized at 500°C for 20 minutes; (c) nitridation at 1150°C for 80mins 
without pretreatment; (d) nitridation at 1150°C for 80mins with pretreatment. 
 
 
 
 
 
Figure 4.22: Optical images of the BN-coated SCS-6 SiC fibers (10" long) with different 
glossy colors: (a) Purple color coating; (b) Green color coating. 
 
 
 
 As-received Fiber 
 
a b 
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Figure 4.23: Cross-sectional ESEM images of the BN-coated SCS-6 SiC fibers (10" long) 
with different colors: (a) Green color coating; (b) Purple color coating. 
 
 
ESEM pictures of such coated fibers were also shown in Figure 4.24a and 4.24b. 
From the cross-sectional images, we can see that the total BN coating layers, which were 
in the dark region, expand as deep as the inner carbon from the outmost surface edge. The 
EDX analyses results shows the further confirmation of BN formation in Figure 4.24c.   
The correlations between the BN coating contents and its depth into the SCS-6 fiber are 
shown in Figure 4.25. We can see the variation of BN contents along the vertical 
diameter of the fiber on the surface carbon layers of the coated fiber.   
 
 
 
 
 
 
1 µm 
2.49 µm 
2.22 µm 
1 µm 
(a) (b) 
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Figure 4.24: EDX and SEM image of the BN SCS-6 SiC fibers after 2 hours nitridation 
at 1150ºC: (a) and (b) are cross-sectional images of the BN-coated SCS-6 fibers;  
(c) EDX analysis results. 
 
 
 
 
4 µm 1 µm 
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Figure 4.25: Distribution of the BN contents along the carbon layer on the surface of the 
BN-coated SCS-6 Fibers. 
 
 
 
The corresponding Raman spectra of the various coated fibers are shown in 
Figure 4.26. As seen from the graph, the appearance of the characteristic peak of BN at 
the position of 1367 shift/cm suggested the formation of BN coatings on the surface of 
the fibers despite the original dense carbon layer on the as-received fibers. However, this 
coating would probably be thicker and of more uniform composition in case of porous 
CDC layer. 
(iii) Large Scale Synthesis of BN Coatings on the 10"- long SCS-6 Fibers: 
12"-long, 1.65"-wide three- layer quartz boat (Fig. 4.27) has been made for the 
large scale synthesis of BN coatings on SCS-6 SiC fibers.  Each layer has 13 notches 
with the inside diameter of 160µm to hold the single SCS-6 fibers, respectively. The 32"-
long three-zone large quartz tube furnace with 3" inside diameter has been employed for 
the nitridation. 60 pieces of 10"- long BN-coated SCS-6 SiC fibers can be placed on the 
boat for large-scale nitridation once a time.  
BN Infiltrated 
Regions  
Outer BN Coating 
BN Diffusion 
Regions  
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Figure 4.26: Raman spectra of the SCS-6 SiC fibers before and after treatments:  
(a) As-received fibers; (b) Nitridation at 1150°C for 80min;  
(c) Nitridation at 1150°C for 120min. 
 
 
 
 
 
 
Figure 4.27: Optical image of the Quartz Boat used for the large scale nitridation 
 of SCS-6 SiC fibers. 
 
 
Nitridation was conducted in ammonia at 1150ºC for 120 minutes after the fibers 
had been infiltrated by saturated H3BO3 solution at 100ºC. The original carbon layer on 
the surface of SCS-6 fiber is around 3µm thickness. It can be infiltrated with H3BO3 and 
results in a B-N-C mixture layer with BN concentration gradient down. As part of the 
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carbon would react with oxygen from the boric acid during the nitridation to facilitate the 
formation of BN according to the equation 2.8: 2B2O3 + 9C + 4NH3 (g) = 4BN + 3CH4 (g) 
+ 6CO (g),  total thickness of the BN-C mixture layer after reaction diminished a little bit 
compared to the original carbon layer thickness. ESEM has been employed to determine 
the thickness of the BN coating along the fibers (Table 4.8). The corresponding graph of 
the relationship between the coating thickness and temperature variation of the furnace 
along the fibers that had been measured by the standard Pt-Rh thermocouple is shown in 
Figure 4.28.  
 
 
 
 
Figure 4.28: Variation of the furnace temperature and coating thickness  
along the 10" SCS-6 fibers 
 
Raman micro-spectroscopy analysis has also been carried out to verify the 
consistent formation of BN coatings formed at various position of the quartz boat. Form 
Figure 4.29, it can be seen that it is possible to synthesize BN coatings uniformly on the 
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surface of the 10"- long SCS-6 fibers on large scale by the carbothermal reduction of 
boric acid.   
 
Table 4.8: Varia tion of BN coating thickness along the 10" SCS-6 SiC fibers 
 
Distance along the Fiber 
(inch) 
1 2 3 4 5 6 7 8 9 10 
Coating Thickness 
 (µm) 
2.31 2.20 2.31 2.22 2.05 1.95 2.16 2.08 2.06 2.05 
 
                
 
 
 
 
Figure 4.29: Raman Spectra of the BN-coated SCS-6 SiC fibers positioned in the 3 layers 
of quartz boat respectively after 2 hours Nitridation at 1150ºC: (a) As-received fibers;  
(b) on the bottom of the quartz boat; (c) on the middle layer of the rack;  
(d) on the top layer of the rack. 
 
 
4.2.4  BN Coating Synthesis on Multiwall Carbon Nanotubes  
Currently, studies on the carbon nanotubes (CNTs) become a hot topic in the 
materials research areas due to their superior properties and potential applications. Since 
the discovery of carbon nanotubes (CNTs) [116], they have attracted great attention for 
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their  nanoscale one-dimensional structure and the potential development to a number of 
novel 1-D materials including ceramic nanotubes, nanofibers and nanorods [117, 118].  
Their diameters are at least 1-3 orders of magnitude smaller than that of the long and 
short fibers or whiskers that are currently used.  
Boron nitride (BN) nanotubes in particular have received much attention) [119, 
120] due to their good stability in the molten metal and better oxidation resistance than 
carbon. Nanotubes containing separated BN and carbon layers have been synthesized by 
arc-discharge [121]. Heterogeneous growth of B-C-N nanotubes has also been achieved 
by laser ablation [122]. Both of these methods, however, have low yields and high cost.  
Therefore, there is still no commercial production of BN nanotubes or nanofibers.  The 
most common synthesis methods still requires introduction of Fe, Ni or Na) [117-119], 
which contaminate the final product and limit applications of BN nanotubes.  Purification 
of BN is more difficult than that of CNT, because BN reacts with water and therefore wet 
chemical methods cannot be used. On the other hand, multiwall carbon nanotubes are 
produced by many companies at a reasonable cost, and their  purification techniques have 
been well developed. In particular, larger (50-200 nm in diameter) tubes, which are often 
called carbon nanofibers are produced in large volumes that allow a variety of 
applications. Therefore, using these tubes as templates or substrates to synthesize BN 
nanotubes is attractive. 
One of the methods to produce B-C-N nanotubes is via the reaction between 
carbon nanotubes with B2O3 vapor and nitrogen at high temperatures (1300-1700°C) 
[123-125]. The crystallization of BN was found to preferentially take place at the inner 
and outer surface of the carbon nanotubes [124]. Therefore, combining the advantages of 
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two materials (e.g., BN coating on CNTs) would also be of great value for the design of 
nanoscale electronic devices and nanostructured composites.  However, the production of 
BN layers by this method always leads to the consumption and destruction of carbon 
layers, which may result in the loss of the structural integrity of the tubes.  In addition, 
the method requires relatively high temperatures and produces very thin layers of BN 
even at around 1500ºC, which make it not economically viable. In our work, a new 
coating method involving a reaction between boric acid and ammonia on the surface of 
carbon nanotubes at temperatures of 1100-1200°C was explored.  
 
 
 
   
 
Figure 4.30: HRTEM images of the tube wall structures of CNTs before coating:   
(a) PS-CNTs and (b) HT-CNTs. The arrows in (b) mark the arched graphite edges. 
 
Both kinds of large Pyrograph® commercial carbon nanotubes (nanofibers) were 
used as starting materials: pyrolytically stripped carbon nanotubes (PS-CNTs) and heat-
treated carbon nanotubes (HT-CNTs) annealed at 3,000°C (Applied Sciences Inc.). The 
tube walls of PS-CNTs and HT-CNTs before coating treatment are shown in Figure 4.30a 
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and Figure 4.30b, respectively. The average diameter (~100 nm) and wall thickness (15–
20 nm) are similar for both grades, whereas the structure of the tube walls is apparently 
different.  The outer graphite sheets of PS-CNTs (Fig. 4.30a) are partly disordered due to 
the thermal etching during the post-production processing, leaving the surface of PS-
CNTs disordered and turbostratic (Fig. 4.30a).  For HT-CNTs, which have been heat 
treated at 3000°C for a sufficiently long time, energetically and chemically stable arched 
edges [126] were formed as shown by arrows in Figure 4.30b. The “herring-bone” 
structure of CNTs can be clearly seen in this image, and the structure difference between 
the initial CNTs is crucial to understand the BN growth mechanism on the CNTs. 
(i) SEM and EDX Analysis 
Both kinds of BN-coated nanotubes have been observed by ESEM after 
nitridation at 1165ºC for 60minutes. It shows that both kinds of the tubes changed their 
appearance as shown in Figure 4.31a and b. The bright appearance of the tubes in the 
images shows that their conductivity was low and they were charging, unlike carbon 
nanotubes, which have high electrical conductivity. EDS analysis also shows the 
presence of boron and nitrogen along with carbon and confirms the formation of BN 
coatings on the carbon nanotubes (Fig. 4.31c). It is also important to note that the HT-
CNT was uniform and cylindrical (Fig. 4.31b), while the surface of PS-CNT looked 
rough (Fig. 4.31a). 
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Figure 4.31: SEM images of (a) PS-CNT and (b) HT-CNT after coating,  
(c) EDS spectrum of the BN-coated HT-CNT. 
 
 
 (ii) TEM Analysis 
TEM analysis (Fig. 4.32a) further verified that the roughness of the coatings on 
PS-CNTs. The HRTEM image in Figure 4.32b reveals that the coating consists of 
polycrystalline (columnar) BN. The lattice fringes in each individual BN crystal are 
highly ordered, but the orientation of the crystals is slightly different, which prohibits the 
200nm 200nm 
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joining of the crystals to form a single-crystalline coating. The lattice parameter of the 
crystals is approximately 0.33 nm, which is consistent with the (002) spacing of 0.33 nm 
in bulk hexagonal BN. Basal planes of BN particles are oriented parallel to the tube axis. 
Some amount of amorphous phase is also found at the grain boundaries. The thickness of 
the carbon wall under the BN coating is 18.5nm, similar to the average thickness of the 
tube walls before coating (Fig. 4.30a). This suggests that not much of the carbon wall was 
consumed during the growth of BN on the CNTs. The carbon remains disordered in the 
outer layers and well aligned in the inner layers, indicating that the coating process does 
not change the structure of the CNTs.  
A uniform crystalline coating was formed on the surface of HT-CNTs (Fig. 4.32c-
d). Figure 4.32c shows that the coating is smooth, homogeneous, and symmetric. Highly 
ordered lattice fringes of the coating can be seen in Figure 4.32d. The fact that the lattice 
spacing is 0.33 nm and exactly the same number of layers is also found on the other side 
of the tube wall strongly suggests that the coating is a BN nanotube encapsulating the 
carbon tube (a structure of tube in tube). Therefore a new sort of composite nanotube – a 
carbon nanotube covered by BN nanotube – has been fabricated. The characteristic 
chirality of the carbon tube wall in HT-CNTs is maintained after coating treatment 
(compare Fig. 4.30b and Fig. 4.32d). The thickness of the carbon wall is about the same 
as the average thickness of the tube wall in HT-CNTs. Although most of the arched edges 
are invisible at the boundary between the carbon and BN layers, some can still be found, 
as indicated by arrows in Figure 4.32d. Since the arched structure is only present on the 
outermost surface of the HT-CNTs, partial disappearance of the characteristic structure 
simultaneously has two meanings: (a) several layers of carbon tube wall might have been 
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removed during coating; (b) thickness of the removed layers is limited by ~1 nm 
(otherwise no arched edges should be found). It is important to note that the BN sheath 
has a cylindrical structure with layers parallel to the tube axis, unlike the herring-bone 
structure of the core tube.  
 
 
  
 
  
 
Figure 4.32: TEM image of (a, b) BN-coated PS-CNTs and (c, d) HT-CNTs. The solid 
lines indicate the line-scan EELS analysis; (b) and (d) are HRTEM images of the framed 
regions in (a) and (c), respectively. 
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(iii) EELS Analysis 
Line-scan EELS analyses of the BN coated PS-CNTs and HT-CNTs along the 
lines indicated in Figure 4.32a and 4.32c have also been carried out and the similar 
results are obtained as shown in Figure 4.33a. It can be seen that the BN-rich phase is 
located at the outer tube surface while the carbon-rich phase is inside, which is in 
agreement with the HRTEM results. Three representative EELS spectra, obtained by 
moving the electron probe from the inner tube wall to the edge of the coating, are 
compared in Figure 4.33b. Two intense peaks, one starting at 188eV and another at 
401eV, correspond to the B-K and N-K edges, respectively. The quantified B/N ratio is 
close to 1.0, namely the stoichiometric composition of BN. No carbon signal (C-K edge, 
at 284eV) is visible in the spectrum from the tube edge of HT-CNTs, whereas a small 
amount of carbon can be detected sometimes in the coating of PS-CNTs, probably due to 
the presence of amorphous B-C-N phase between the BN crystals (Fig. 4.32b). The sharp 
profiles of p* peaks for both B-K and N-K edges confirm the sp2-type bonding. The 
increase of the ratio between the p* and s* peaks for the B-K edge from the center to the 
edge is the result of changing orientation of the electron beam with respect to the BN 
layers [121]. So it is not surprising to observe such evolution in the BN tubular coating on 
HT-CNTs. Similar observation in BN coated PS-CNTs indicates that the BN nanocrystals 
are aligned roughly parallel to the CNT axis, like tiles covering the tube.  
Both HRTEM and EELS do not show the presence of BN inside the CNTs. Gray 
spots inside the nanotube in Figure 4.32a are due to the projection of BN crystals on the 
front and back surfaces of the CNT. Apparently, the boric acid did not penetrate into the 
CNTs or the amount of the ammonia that accessed to the inner of the tube was not 
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sufficient to initiate the reaction. The initial reaction of BN formation may start between 
boron oxide (dehydrated from boric acid at elevated temperature), carbon (from the 
surface of CNTs) and ammonia according to equation 2.8 by the thermodynamic 
calculation [127]: 2B2O3 + 9C + 4NH3 (g) = 4BN + 3CH4 (g) + 6CO (g). This reaction 
accounts for the removal of the surface layer of the CNTs and nucleation of BN (Fig. 
4.32d). The BN produced may form the seed layers on the surface of the CNTs. Due to 
the relatively low synthesis temperature, the newly formed BN layer acts as a diffusion 
barrier preventing further reaction of B2O3 with carbon. Then boron oxide directly reacts 
with ammonia to form BN in the absence of carbon: 
                               B2O3 + 2NH3 = 2BN + 3H2O (g) --------------------------------------- (4.4) 
The thermodynamic probability of this reaction is low compared to equation 2.8. 
However, by the constant flow of ammonia gas, and the instant removal of the water 
vapor, the reaction (equation 4.4) may be shifted to the right. The product of the reaction 
is thus accumulated and hexagonal BN crystals grew gradually on the CNT surface.  
Here, the different surface structure of two CNT grades plays an important role in 
the growth of BN. Because the surface of PS-CNTs is turbostratic (Fig. 4.30a), nucleation 
of BN crystals occurs easily in many places on this kind of tube surface. However, BN 
seeds formed on it have many different orientations and are not exactly parallel to the 
tube surface, thus forming a polycrystalline coating. Amorphous or disordered interlayers 
separate the BN nanocrystals. Such polycrystalline structure is typical in reported 
synthesis of BN coating on the bulk materials [128-129]. Nucleation of BN on the  
ordered and chemically stable surfaces of HT-CNT by reaction 2.8 is difficult at this low 
temperature.  Once a single BN nucleus forms on the surface of a CNT, further growth of 
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BN by reaction 4.4 would occur by adding boron and nitrogen atoms to the edge of the 
nucleus enabling the growth of a single layer of BN. Eventually, a new layer appears on 
the surface of BN and multiple layers can grow depending on the synthesis time and 
amount of boron available.  This leads to synthesis of a single crystalline BN nanotube as 
a sheath on the surface of CNT.  Although HT-CNT has a herring-bone wall structure, it 
has a cylinder- like surface, when seen at a smaller magnification. The growing BN 
nanotube will follow the shape of the carbon tube, for the Van der Waals forces will keep 
the BN sheet attached to the graphite substrate, while the elastic forces in the planar 
structure of BN will not allow the growing sheet to follow the surface topology exactly 
and will result in the cylindrical overgrowth. The mismatch between the cylindric BN 
wall and the herring-bone carbon wall can be seen in Figure 4.32d as white triangular 
spacing. It may be filled with amorphous carbon and/or BN.  
Although this study was conducted on large-diameter multiwall nanotubes 
(nanofibers), it is obvious that the same process can be used to produce BN coatings on 
much smaller nanotubes or much larger carbon fibers. However, as this work has shown, 
the surface structure of carbon directly affects the structure of the BN coating formed on 
the top of it.  
Such composite nanotubes can be used as reinforcement in ceramic and metal 
matrix composites, for example, for the reinforcing carbide-forming metals, which would 
react with carbon if no additional coating had been provided for insulation. The coated 
nanotubes can also be used in high- temperature composites, providing a much higher 
oxidation resistance compared to carbon; or in insulating electronic substrates, where 
high thermal conductivity is needed by the combination of carbon nanotubes with the 
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high insulated BN.  Heterostructured C-BN nanotubes may have attractive electronic 
properties and promising applications in the electronic industry. The BN-coated carbon 
nanotubes can be used as insulated nanowires in nanoelectronics. Insulating coatings on 
carbon nanotubes may also allow electrophoretic transport of liquid through the tube 
channel. 
 
 
 
 
 
Figure 4.33: EELS analysis of a BN coated PS-CNT:   (a) Normalized concentration 
profiles of the B, C and N across the nanotube (along the line shown in Fig. 4.32a).The 
position of the tube walls is shown by gray bands;    (b) Evolution of EELS spectra of the 
nanotube from the inner tube wall (spot 1 in Fig. 4.32a) to the edge of the BN coating 
(spot 3), demonstrating the near-edge fine structure of the B, C and N. Similar EELS 
analysis results have been obtained from the BN coated HT-CNT along the line shown in 
Fig. 4.32c. 
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4.3   Al-O-N Coating Synthesis on Tyranno ZMI Fibers  
Currently, BN became the primary choice for high temperature applications 
because of its relatively good stability and oxidation-resistance at high temperature [130, 
131].  However, it is brittle and also susceptible to attack by water vapor at moderate 
temperatures. Volatile species are formed and BN is removed in the same manner as 
carbon in air [132-133], which can lead to the degradation of the composite. Thus, 
interfacial coatings with a higher oxidation resistance are needed. 
Here, a novel carbothermal synthesis of non-bridging Al-O-N coating on Tyranno  
ZMI SiC fibers is explored and the mechanical properties of the coated fibers are 
investigated.  
4.3.1  Structure Characterization   
Morphology observation and microstructure study of the Al-O-N-coated SiC 
fibers have been carried out by ESEM and TEM analysis. 
(i) ESEM and EDX Analysis: 
The ductile behavior of 200nm coating on the fractured fiber can be clearly 
observed in Figure 4.34a. The coating appears to have layered or nanofibrous structure 
(Fig. 4.34b) and fairly strong adhesion to the fiber core, which is confirmed by the rough 
surface left on the fiber stem when the coating was peeled off during fracture. The ductile 
coating may help to dissipate the stress during the crack propagation, thus increasing the 
strength of the fiber and preventing catastrophic failure under the load. Detail information 
related to the cross-sectional fracture image will be discussed in the following 
fractography part. The Al-O-N-coated fiber without intermediate CDC layer  
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Figure 4.34: ESEM cross-sectional image of the fractured SiC fiber:  
(a) Coated with Al-O-N (200nm) at 900°C for 60min with intermediate CDC layer; 
 (b) Magnified image of the inner surface of the peeled-off coating; (c) Coated with Al-
O-N (200nm) at 900°C for 60min without CDC layer. 
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synthesized in the same treatment condition is also shown in Figure 4.34c for comparison. 
Obviously, this Al-O-N coating is loosely attached to the fiber stem and easily peeled off 
with smooth fiber surface left.  
EDX showed that the coating contains Al, O, and some N (Fig. 4.35). The amount 
of aluminum and nitrogen gradually decreased toward the center of the fiber and 
eventually nitrogen disappeared in the fiber core. Very small amount of aluminum was 
still present at the edge of SiC fiber core probably due to the formation of mullite 
(Al6Si2O13) during nitridation.   
 
 
 
 
Figure 4.35: EDX element mapping of the SiC fiber coated by 200-nm  
Al-O-N with the sacrificial CDC layer. 
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(ii) HRTEM Analysis: 
TEM image of the uniform Al-O-N coating with strong adherence to the SiC fiber 
is shown in Figure 4.36.  The true thickness of the Al-O-N coating observed in the figure 
should be ~200nm as calculated from the TEM sample geometry and is consistent with 
the thickness of the CDC layer used for coating synthesis. The rough interface between 
the fiber and coating is attributed to the formation of Al6Si2O13 based on the 
thermodynamic simulation based on FactSage 5.0 (as shown in Figure 4.37). At the edge 
of the fiber stem, the SiO2 (~9% oxygen in the original ZMI fiber) from the fiber core 
reacts with the aluminum oxide, which is formed by decomposition of aluminum chloride 
and further reaction with oxygen from the ethyl ether and the water vapor from the gases, 
during nitridation at 900ºC according to the following reaction:  
                    2SiO2 + Al2O3 = Al6Si2O13 -------------------------------------------------- (4.5)                                        
 
 
  
 
Figure 4.36: Cross-sectional TEM image of an Al-O-N-coated SiC fiber (200nm CDC 
layer nitrided in NH3 at 900°C for 60min), showing the uniform Al-O-N coating with 
strong adhesion to the SiC fiber. The coating looks thicker because the thin section was 
not cut from the middle of the fiber. 
 
1 nm 
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Figure 4.37: Thermodynamic calculation to show the formation of Al6Si2O13 at the  
  interface between the fiber and Al-O-N coating during nitridation in NH3 at 900°C. 
 
 
 
Thus, the fiber coating has a complex composition in the Al-O-N(C) system and 
is built of nanocrystals with the size of 100-120nm embedded in amorphous matrix. Since 
it is not a pure Al-O-N phase, the coating is named “Al-O-N” to reflect its composition 
within the Al-O-N system. The research on the structure of the coating is still on the way.    
4.3.2  Fractography Analysis 
Fracture surfaces of the original Tyranno ZMI fibers and the Al-O-N-coated 
fibers (with and without intermediate CDC layers) were examined after tension tests. 
Generally, for the original SiC fibers, as shown in the Figure 4.38a, the fracture initiates 
at a surface flaw and propagates normally to the fiber axis, forming the mirror-mist-
hackle fracture pattern. The shape of the mirror, mist and hackle boundaries is 
approximately circular with the centre of the circle at the point of crack nucleation. The 
fracture strength of the fiber tested in tension is related to the radius of the mirror in 
following equation [134]: 
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                            Mrf =d ------------------------------------------------------------------ (4.6)                                                                  
Where r is the radius of the mirror (or mist/hackle), df is the fracture strength, and M is a 
material constant, which associates with fracture toughness such as the critical stress 
intensity factor KIc at the initiation of unstable crack growth, or the dynamic stress 
intensity factor, Kd. The cross-sectional image of the fractured Al-O-N-coated SiC fiber 
without the CDC layer is similar to that of the original fiber with about the same mirror 
radius around 2-3µm (Figure 4.38b). The fibers coated with Al-O-N with the intermediate 
CDC layer show a zigzag crack propagation pattern as seen in Figure 4.38c. The mirror 
radius decreases significantly to less than 1µm with progressively increasing micro-
branching, which eventually leads to the macro-branching and bifurcation. Hence, the 
fracture strength of the coated fiber can be enhanced to more than [(2~3)/1]1/2 » 1.7 times 
according to equation 4.6 by assuming that M is the same because the structure of SiC 
fiber did not change as shown by the constant Young’s modulus, as well as X-ray 
diffraction and Raman analysis. This is consistent with our tensile tests results. The 
appearance of the bifurcation and zigzag pattern should be attributed to the changes in the 
stress distribution direction in the fiber because the surface stress introduced by the 
coating impedes the rapid crack propagation from the ductile Al-O-N coating by fiber 
pull-out and energy dissipation during fracture[134]. It is a good indication of the strong 
bonding between the fiber and coating as well as the ductile behavior of the coating. 
Moreover, fracture surfaces of the BN-coated SiC fibers with the same thickness coating 
have also been examined by ESEM for comparison and no obvious zigzag line has been 
ever observed as shown in Figure 4.38e. It is most probably because the brittle BN 
coating is not strong enough to change the stress direction at the tip of the crack 
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propagation, which accordingly can not help to increase the fracture toughness of the 
coated fibers. What is more important, part of the Al-O-N-coated fibers also show that 
the fracture starts from the inside because of the stress limitation of the fiber itself rather 
than initiates at the tip of the surface flaws, which are effectively healed by the coating on 
the fiber (Fig. 4.38d).  Besides its oxidation-resistance, this is the superior advantage of 
Al-O-N coating compared to the other coatings used for fiber protections. 
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Figure 4.38: ESEM cross-sectional image of the coated Tyranno ZMI SiC fiber after 
tensile test. (a) As-received Tyranno ZMI SiC fiber; (b) Al-O-N-coated fiber without 
CDC layer by nitridation at 900°C for 60min; (c) and (d) Al-O-N-coated fibers with 
200nm intermediate CDC layer by nitridation at 900°C for 60min; (e)BN-coated fiber 
with 200nm intermediate CDC layer by nitridation at 1150°C for 60min. 
 
4.3.3  Mechanical Properties 
(i) Statistical Distribution of Tensile Strength: 
Typical tensile stress-strain curves of four batches of fibers, which include as-
received ZMI fibers, 200nm thickness Al-O-N-coated fibers (with and without CDC 
intermediate layer) produced by nitridation at 900ºC for 60minutes and 40 minutes, are 
shown in Figure 4.39 respectively. The tensile test curves of the as-received fibers (Fig. 
4.39a) exhibit a linear response up to the failure and are similar to that of the Al-O-N-
coated fiber without the CDC layer (Fig. 4.39b). As to the Al-O-N-coated fibers with 
intermediate CDC layer after 40minutes nitridation, the averaged strength increased to 
4.0GPa (Fig. 4.39c). They begin to show pull-out behavior when the applied stress 
exceed  the 3.1-3.5GPa, which is the ult imate strength of original fiber, and exhibit 
desired failure path rather than directly falling down. While the fibers with the same Al-
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O-N coatings by 60minutes nitridation show an obvious pull-out under the load and their 
ultimate strength is over 5.0GPa and often experience a non-catastrophic failure (Fig. 
4.39d). It is important to note that there is no significant change in Young’s modulus of 
the coated fibers (Fig. 4.39).  
 
 
 
Figure 4.39: Typical tensile stress-strain curves of the Tyranno fibers after various                
treatment conditions. (a) As-received  Tyranno ZMI SiC fibers; (b) Al-O-N-coated fibers 
without CDC layer by nitridation at 900°C for 60min; (c) and (d) are the Al-O-N-coated 
fibers with a 200nm intermediate CDC layer produced by nitridation at 900°C for 40 and 
60min, respectively. E is the average Young’s Modulus of the tested fibers. 
 
Also the dramatic strength increase of the coating fiber is the best demonstration 
of the absence of bridging between the coated fibers. Since single fibers used for 
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mechanical testing were separated from fiber tows in the fabric, bridging of the fibers 
would inevitably cause damage of the coating and strength degradation of the fiber. 
To fully understand the effect of nitridation and Al-O-N coatings on the 
mechanical properties of the fibers, histograms of the ultimate strength of four groups of 
fibers were employed to investigate the competing effects of the surface and internal 
flaws. Thirty effective measurements of the fracture strength of each group were ranked 
in order from small to large. In each case, the data set was divided into six groups and 
histograms drawn showing the frequency of these data points (Fig. 4.40). It can be seen 
that the tensile strength distribution pattern of the original fiber is different from the 
others. The relatively large gap between the two peaks implies that there are two kinds of 
defects influencing the strength of as-received fiber, while the strength of coated fibers is 
primarily controlled by one dominant defect. Generally, the strength of fiber is controlled  
[135] either by the surface flaw, which will result in the failure of fiber in the mirror 
fracture pattern, or by the internal flaw of the fiber, which will usually lead to fracture at 
a higher stress because of the stress-tolerance limitation of the fiber material itself.  
As observed in the Figure 4.40a, two populations controlled the fracture of the  
original fiber during the application of load. After nitridation, the failure-controlling 
flaws on the Al-O-N-coated fiber changed and for the 40minutes nitrided coated fiber, 
their influences are equivalent (Fig. 4.40c), compared to the Al-O-N-coated fiber without 
CDC layer (Fig. 4.40b), in which the surface defects are still in control. As for the Al-O-
N-coated fiber with CDC intermediate layer by 60 minutes nitridation, one kind of the 
surface defects were healed by the  coating and the other fracture factor that related to the 
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higher fracture strength become dominant (Fig. 4.40d), which results in the increase of 
the tensile strength  of the coated fibers.  
 
Figure 4.40: Typical tensile stress-strain curves of the Tyranno SiC fibers after various                
treatment conditions. (a) As-received  Tyranno ZMI SiC fibers; (b) Al-O-N-coated fibers 
without CDC layer by nitridation at 900°C for 60min; (c) and (d) are the Al-O-N-coated 
fibers with a 200nm intermediate CDC layer produced by nitridation  
at 900°C for 40 and 60min, respectively. 
 
 
 
 (ii) Simplified Weibull Distribution Model   
To better understand the mechanism of the fracture of the Al-O-N-coated fibers, 
simple Weibull distribution has been set up on the basis of tested results for each group. 
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(a) Arrange strength values in increasing order; 
(b) Assign median ranks to these values of strength using the following 
approximation: 
                                        Median rank = ÷
ø
ö
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è
æ
+
-
4.0
3.0
n
i
---------------------------------- (4.7)    
Where i=failure order number; n=sample size.  
(c) Plot the data on scales equivalent to Weibull probability paper with strength 
on the abscissa and median ranks on the ordinate: 
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 ------------------------------- (4.8)      
                                      X = ln (strength) ------------------------------------------- (4.9)                                                                     
(d) Draw the best fitting line through the points (fit by the least squares method).  
      The slope of the line is the Weibull modulus, m.  
The corresponding graph of the Weibull distributions for four groups is shown in 
Figure 4.41. The mechanical properties and ultimate strength of the fibers are improved 
gradually by the Al-O-N coating and introduction of CDC layer. The significant 
enhancement of more than 60% in the tensile strength and more than 200% in Weibull 
modulus is observed after the 60 minutes nitridation of Al-O-N-coated fibers with a CDC 
intermediate layer. Moreover, their strength distribution is uniform, follows a straight line 
and is totally modified from the as-received fibers, which shows a reverse S-shape graph, 
suggesting a mixed model Weibull distribution controlled by two risk-competing factors 
as analysized by histograms.  
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Figure 4.41: Weibull plots of the ultimate tensile strength of the SiC fibers after various 
treatment conditions. (a) as-received  SiC fibers; (b) Al-O-N-coated fibers without CDC 
layer, nitridation at 900°C for 60min; (c) and (d) are Al-O-N-coated fibers with 200nm 
intermediate CDC layer, nitridation at 900°C for 40 and 60min, respectively. 
 
 
 
 (iii) Jensen-Peterson method Analysis [136] : 
Furthermore, to make the fracture mechanism much more clear, the Jensen-
Peterson method is employed to analysize the fracture mechanism of the as-received 
fibers and helps to find the turning point of the two control factors. As shown in Figure 
4.42, based on the Weibull distribution graph, the value of p, which represents the mixing 
ratio of subpopulations is determined from the Y-axis value at the position of the smallest 
gradient on the Weibull plot. The value ln [- ln (1-F)] on the Weibull plot figure at the 
smallest gradient is obtained as -0.6981, so that p=F=0.392. Then F1 = 0.632p = 0.2477; 
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F2 = p+0.632(1-p) = 0.7763. The values of s01 and s02 are read from the points at the 
corresponding positions of to F1 and F2, respectively. As ln [-ln (1- F1)] = -1.2566 and ln 
[-ln (1- F2)] = 0.4038, the horizontal axis values of s01 and s02 are obtained as 2.1GPa 
and 3.7GPa from the corresponding values of -1.2566 and 0.4038 on the Y-axis. Finally, 
m1 and m2 from the slopes of the tangential lines drawn at each end of the Weibull plot 
are determined as 7.0 and 2.8, respectively.  
The tensile strength value of the as-received fiber can be divided into two groups 
related to two causes of failure. The range of 1.5-2.4GPa shows the failure controlled by 
the kind of low fracture strength related surface flaws and the range of 2.4-5.2GPa 
corresponds to the failure controlled by another kinds of flaws, which related to relatively 
higher facture strength. It is helpful to know the controlling range of the two factors and 
the simulate result is consistent with that of the histogram analysis. By the introduction of 
Al-O-N coating nitrided at the optimum condition, the Tyranno ZMI SiC fiber can 
eventually overcome the influence of the first surface defect factor and fiber strength 
jumps to the second group value or even high by the control of the internal defect and the 
limitation of the material itself.   
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Figure 4.42: Critical parameter estimation in the Weibull plot of the tensile strength of 
the initial Tyranno ZMI SiC fibers by the Jenson-Peterson method. 
 
 
        (iv) Two-parameter Weibull Cumulative Distribution Model [137] 
To give a clear overview on the variation of the tensile behaviors with different 
treatment conditions, cumulative distribution plot is often preferred. The two-parameter 
Weibull model is employed based on the data-processing in the (ii) for each group as 
following:  
The characteristic strength, ?, is the strength corresponding to 63.2% failed: 
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The cumulative distribution function shown below is then plotted for the data: 
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The cumulative distribution plots of the tensile behavior and the Weibull moduli 
of fibers after various treatment conditions are plotted in Figure 4.43. It can be seen that 
900ºC is the optimum temperature and 60min nitridation (at this temperature) is the 
optimal time for Al-O-N coating synthesis, which can significantly increase the ultimate 
strength and failure behavior. The proposed coating process is very promising because it 
improves the mechanical properties of the fibers and protects them from oxidation in air. 
The introduced intermediate CDC layer facilitates the nitridation reactions by lowering 
the synthesis temperature, holds the infiltrated AlCl3, controls the thickness of the coating 
and is critical to the formation of a sufficiently strong bonding between the fiber and 
coating.   
The synthesis of Al-O-N coatings by this method is not limited to the Tyranno 
ZMI SiC fibers, but can also be applied to a variety of SiC materials and even other 
carbides. The process is conducted using cost-effective raw materials with a low 
synthesis temperature (around 900ºC), which makes this method attractive for large 
volume production.  
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Figure 4.43: Comparison of the mechanical properties of the SiC fibers (200nm-thick 
CDC intermediate layer) after various nitridation conditions: (A) Two-parameter Weibull 
cumulative distribution plots of the ultimate strength of the fibers with the following 
nitridation conditions: (a) as-received SiC fibers; (b) 900°C, 40min; (c) 850°C, 80min; (d) 
950°C, 80min; (e) 900°C, 100min; (f) 900°C, 80min and (g) 900°C for 60 min. (B) Bar 
chart plots of the tensile strength and Weibull moduli of the fibers corresponding to (A). 
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4.4   BAN Coating Synthesis on Tyranno ZMI Fibers  
The Boron-Aluminium-Nitride (BAN) coating is synthesized on the surface of 
Tyranno ZMI SiC fibers by the carbothermal method in the sequence of two steps from 
the BN to BAN as described in Chapter 2.3. First, 200nm CDC-coated Tyranno ZMI SiC 
fibers were prepared by the chlorination at 550°C for 3hours, then the BN coating is 
formed on the CDC layer by nitridation and BAN coating is finally synthesized by adding 
the Al-O-N coating on the top of it. Also 1µm thick CDC coating has also been formed 
on the SiC fibers by the chlorination at 650°C for 3hours to synthesize a thick BAN 
coating on the fiber to facilitate the coating characterization.   
4.4.1  Structure and Composition Characterization  
The BAN coatings with different BN/Al-O-N ratios have been synthesized by 
different experiment conditions as listed in Table 4.9.  
 
Table 4.9: Mechanical Properties of the BAN-coated Tyranno ZMI SiC Fibers            
after Various Nitridation Treatments 
 
 
Materials  
Treatment Condition             Ultimate 
Stress  (GPa) 
Breaking  
Strain  % 
Young’s 
Modulus  
(GPa) 
As-received 
Tyranno ZMI  
 
------- 
 
3.0 ± 0.9 
 
1.7 ± 0.6 
 
181 ± 33 
200nm CDC 
Coated ZMI 
1150°C, 80min — BN 
900°C, 60min — Al-O-N  
 
3.2 ± 0.7 
 
1.9 ± 0.5 
 
189 ± 39 
200nm CDC 
Coated ZMI  
1150°C, 90min — BN 
900°C, 80min — Al-O-N 
 
3.7 ± 0.8 
 
2.0 ± 0.3 
 
204 ± 31 
200nm CDC 
Coated ZMI  
1150°C, 60min — BN 
900°C, 60min — Al-O-N 
 
3.1 ± 0.7 
 
2.1 ± 0.5 
 
173 ± 32 
200nm CDC 
Coated ZMI  
1150°C, 80min — BN 
1000°C, 80min — Al-O-N 
 
2.1 ± 0.9 
 
1.1 ± 0.3 
 
209 ± 30 
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Morphology observation and microstructure study of the BAN-coated SiC fibers 
have been carried out by ESEM analysis. 
Element mapping has been conducted on the 1µm thick BAN-coated SiC fibers, 
which have been formed by the nitridation at 1150°C for 80minutes and 900°C for 
60minutes in the two synthesis steps, to confirm the chemical compositions of the coating. 
As shown in the EDX map in Figure 4.44, the B, Al, N, O and C in the coating are clearly 
presented.  
 
 
 
 
 
Figure 4.44: Element mapping of the 1µm B-Al-O-N coated Tyranno SiC fiber  
after 80min nitridation. 
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Morphology and the cross-sectional fracture surface of the BAN-coated fibers 
were observed by ESEM (Fig. 4.45). The surface of the coated fibers is not very smooth 
because of the attachment of little chips to top layer, which are most probably due to the 
crystallized alumina that formed from the remnant aluminum chlorine solution on the 
surface of the fiber after infiltration. Because during the second step of synthesis, the 
infiltration of aluminium chloride into the BN-coated fibers is more difficult compared to 
the infiltration into the CDC based porous layer because the diffusion barrier from the 
dense BN on the surface layer. A similar mirror-mist-hackle fracture pattern was 
observed on the BAN-coated fibers as those of other coated fibers described before.  
EDS has also been carried out on the different parts of the coated fibers to show 
the distribution of the chemical components (B, N, Al, Si, C), as seen in Figure 4.46. 
Obvious peaks of Al and N appeared in Figure 4.46a, which is tested from the spots on 
the surface coating layer, while at the inner layer of the fiber, no Al is detected and the 
amount of N decreased drastically (Fig. 4.46b), which could be attributed the diffusion 
barrier from dense SiC fiber stem and thus prevent the further reaction with the fibers. 
While similar mirror-mist-hackle fracture pattern was observed on the BAN-coated fibers 
as those of other coated fibers described before.  
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Figure 4.45: ESEM images of the BAN-coated Tyranno ZMI SiC fibers (200nm coating 
thickness): (a) Surface morphology and (b) Fracture surface. 
 
 
 
   
 
Figure 4.46: EDX analysis of the BAN-coated Tyranno ZMI SiC fibers (200nm coating 
thickness): (a) Surface coating and (b) Fiber stem. 
 
 
 
 
 
5 µm 2 µm 
(a) (b) 
(a) (b) 
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4.4.2  Mechanical Tests of the BAN-coated Fibers   
To investigate the effect of treatment conditions on the mechanical properties of 
the coated fibers and find the optimum treatment for such coatings, tensile tests have 
been performed on the fibers by various nitridation conditions and the results are listed in 
Table 4.9. 
From Table 4.9, we can see the there is not much variation of the Young’s 
modulus of the BAN-coated fibers compared to the as-received ones. However, a larger 
content of BN in the coatings (by the longer nitridation time during synthesis of BN) may 
increase Young’s Modulus of the coated fibers. It shows that the BN coatings can 
enhance the Young’s modulus of the fibers and is consistent with the conclusion in 
Section 4.2.   
The plot of the mechanical properties vs various treatment conditions is shown 
plotted in Figure 4.47. From the graph, it can be concluded that the best treatment  
condition for synthesis of BAN coating is 1150°C for 90minutes and 900°C for 
80minutes, which can increased the fiber strength to 3.7GPa compare to the original 
3.0GPa from the as-received fibers. However, the fiber strength decreased dramatically 
when the nitridation temperature increased to 1000°C in the final synthesis step, which 
strongly degraded the fibers.  The mechanical properties of the BAN-coated fibers treated 
under two other conditions are similar to that of as-received fibers. 
In summary, the BAN coatings had been successfully applied to the Tyranno ZMI 
SiC fibers with the mechanical strength increase from original 3.0GPa to 3.7GPa after the 
optimum treatment. 
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Figure 4.47: Distribution graph of the mechanical properties of the BAN-coated fibers 
under various treatment conditions: (a) as-received fibers; 
 (b) 1150°C, 60min®BN and 900°C, 60min®Al-O-N;  
(c) 1150°C, 80min®BN and 900°C, 60min®Al-O-N;  
(d) 1150°C, 90min®BN and 900°C, 80min®Al-O-N;  
(e) 1150°C, 80min®BN and 1000°C, 80min®Al-O-N. 
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4.5   Oxidation of the Coated Tyranno SiC Fibers  
It has been a long interest to explore the oxidation resistant interphase/coating 
materials that are chemically stable as well as mechanically compatible with the 
composite systems in the CFCCs/CMCs to enhance service life and avoid catastrophic 
failure during high temperature applications  [138, 139].  
It is obvious that the coating material must not only be stable with respect to the 
fiber and matrix phases at high temperatures, but also should provide a mechanism for 
crack deflection and fiber pull-out at the fiber-matrix interface region. Thus, an ideal 
coating is the one that prevents oxidation of the fiber in the presence of open cracks so 
that there is no degradation of the fiber strength, and that maintains debonding 
characteristics at the fiber-matrix interface [140].  
To test and validate the oxidation resistance of various coatings synthesized by 
the carbothermal methods in this work, oxidation experiments in high temperatures on 
the coated Tyranno ZMI SiC fibers have been conducted from 1000-1200°C in laboratory 
air. ESEM morphology observation and mechanical tests have been carried out to 
compare with that of the as-received fibers.   
4.5.1  Fractography Characterization of the Coated Fibers after Oxidation  
Morphology observations of the coated SiC fibers before and after oxidation have 
been carried out by ESEM and the oxidation-resistant of various coatings have been 
compared.  
Various oxidation experiments of the coated fibers have been conducted at high 
temperatures in air and the fractography analyses of the fibers are discussed as the 
following.  
 119 
(i) Oxidation at 1000°C for 1hour:  
The original Tyranno ZMI SiC fibers, and the fibers with carbon coatings, BN 
coatings and Al-O-N coatings have been oxidized at 1000°C for 1h in air. Morphology 
observation of the fibers after oxidation is shown in Figure 4.48. As there is extra 
amorphous carbon (the atomic composition of C/Si is 1.44) in the fiber, the SiC fiber 
does not show a good oxidation behavior at the relative low temperatures (<1200°C) with 
the surface partly oxidized to be rough and some stains appeared on the top of it (Fig. 
4.48a). The carbon coatings on the fibers do not offer much help in the oxidation 
resistance at 1000°C because the carbon is easily oxidized at the temperatures higher than 
550°C. Similarly, stains also emerged on the top of the coating surface (Fig. 4.48c). 
While the fibers with BN coatings are almost intact and the smooth surfaces show the 
better oxidation resistance compared to carbon-coated fibers (Fig. 4.48e and 4.48g). 
While from the cross-sectional image observed in Figure 4.48b, d, f and h, the coated 
fibers almost keep the same fractography features of the mirror-mist-hackle pattern (4.3) 
as that of the corresponding coated-fibers before oxidation, which means their 
mechanical strength is not expected to change significantly after oxidation.  
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Figure 4.48: ESEM images of the coated Tyranno ZMI SiC fibers after oxidation at 
1000°C in air for 1h (200nm coating thickness): (a) Surface and (b) Fracture images of 
the as-received fiber; (c) Surface and (d) Fracture images of the carbon-coated fiber; 
(e) Surface and (f) Fracture images of the BN-coated fiber;  
(g) Surface and (h) Fracture images of the Al-N-O-coated fiber. 
 
 
 
(ii) Oxidation at 1200°C for 1 hour:  
Higher temperature oxidation at 1200°C has also been conducted in the air for 1h 
on the fibers with BN coatings, BAN coatings and the as-received fibers. The ESEM 
images of the fibers after oxidation are shown in Figure 4.49. The original SiC fibers 
became crystallized after oxidation treatment in 1200°C and the fiber surface became 
smooth and dense (Fig. 4.49a) compared to the original as-received fibers. While an 
obvious oxide scale around 150nm appeared on the surface layer compared to that of the 
fibers oxidized in 1000°C (Fig. 4.49b). While the crystallization of the SiC is also true for 
the BN-coated and BAN-coated fibers, no obvious change can be observed for the BN-
coated fibers after oxidation (Fig. 4.49c and d). However, the surface of the BAN coated 
fiber became fluffy and seemed to be partly oxidized by the air, which is most probably 
attributed to the reaction of AlN with oxygen (Fig. 4.49e). The fracture fringes of the  
5 µm 2 µm 
(g) (h) 
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BAN–coated fiber partly diminished in the cross-sectional image (Fig. 4.49f) compared 
to that of the fibers before oxidation (Section 4.4), which may indicate the degradation of 
mechanical properties accordingly. Hence, the oxidation resistance of the BAN-coated 
fibers is not as good as that of the BN-coated fibers.  
 
 
 
   
 
   
 
(c) (d) 
5 µm 
5 µm 
5 µm 5 µm 
(a) (b) Oxidation 
Scale  
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Figure 4.49: ESEM images of the coated Tyranno ZMI SiC fibers after oxidation at 
1200°C in air for 1h (200nm coating thickness): (a) Surface and (b) Fracture image of the 
as-received fiber; (c) Surface and (d) Fracture image of the BN-coated fiber; 
 (e) Surface and (f) Fracture image of the BAN-coated fiber. 
 
(iii) Oxidation at 1200°C for 3 hours:  
Compared to the 1-hour oxidation results, the 3-hour oxidation makes the surfaces 
of the fibers even smoother due to the formation of glassy oxides (Fig. 4.50a, c and e).  
By the comparison of the fracture images, we can see that the as-received fibers almost 
lost their mechanical strength after such treatment (Fig. 4.50b). The BN-coated fibers 
partly lost their fracture fringes and their mechanical strength may decrease accordingly 
(Fig. 4.50d). While more than 80% of the Al-O-N-coated fibers still keep their fracture 
pattern with the radius of the mirror increased from less than 1µm to ~1.5µm (Fig. 4.50f), 
which means the fibers degraded less after oxidation. Their oxidation resistance is greatly 
enhanced compared to the as-received fibers.  
(iv) Oxidation at 1200°C for 24 hours:  
To further investigate the oxidation kinetics of the coated SiC fibers, oxidation at 
1200°C for 24h in the air has been carried out.  
 
(e) (f) 
10 µm 
5 µm 
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Figure 4.50: ESEM images of the coated Tyranno ZMI SiC fibers after oxidation at 
1200°C in air for 3h (200nm coating thickness): (a) Surface and (b) Fracture images of 
the as-received fiber; (c) Surface and (d) Fracture images of the BN-coated fiber;  
(e) Surface and (f) Fracture images of the Al-O-N-coated fiber. 
 
 
5 µm 5 µm 
5 µm 
5 µm 
5 µm 5 µm 
(c) (d) 
(e) (f) 
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Figure 4.51: ESEM images of the coated Tyranno ZMI SiC fibers after oxidation at 
1200°C in air for 24h (200nm coating thickness):  
(a) Surface and (b) Fracture images of the as-received fiber;  
(c) Surface and (d) Fracture images of the BN-coated fiber;  
(e) Surface and (f) Fracture images of the Al-N-O-coated fiber. 
 
 
 
 
Figure 4.52: Thickness of oxide scale of the SiC fibers with and without coatings after 
oxidation at 1200°C in air (200nm coating thickness).  
 
 
 
All of the fiber surfaces appeared to be glossy smooth and dense after long time 
oxidation in air (Fig. 4.51a, c and e).  The thickness of the oxide scale of the as-received 
fibers grew to 550nm (Fig. 4.51b) compared to the 240nm by 3-hours oxidation and 
150nm by 1h oxidation at 1200°C in the air.  The BN-coated fibers also had a 470nm 
scale (Fig. 4.51d) and the Al-O-N-coated fibers grew to the 410nm scales (Fig. 4.51f).  
The fracture fringes totally disappeared on the fracture surface of the oxidized as-
received fibers and were almost gone in the oxidized BN-coated fibers. The fringes in the 
Al-O-N-coated fibers also diminished and the diameter of the mirror increased to 3.73µm 
after 24h oxidation compared to the 1.5µm diameter after 3h oxidation, which correspond 
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to the decrease of their mechanical strength after long time oxidation at 1200°C in the air. 
The thickness of the oxide scale of the coated fibers vs oxidation time in 1200°C in the 
air are plot in Figure 4.52, compared with that of the as-received fibers. Obviously, by the 
observation of fractography and morphology analyses of various coated fibers, the Al-O-
N shows a better oxidation resistance compared to the other coatings (CDC, BN and 
BAN).  
4.5.2  Mechanical Properties of the Coated Fibers after Oxidation  
Mechanical tests have been performed on the various coated fibers after oxidation 
at 1200°C in air for 1h to compare their oxidation resistance and the results are listed in 
Table 4.10.  
 
 
Figure 4.53: Distribution graph of the mechanical properties of the coated fibers  
         before and after oxidation at 1200°C in air for 1h. 
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Figure 4.54: Distribution graph of the mechanical properties of the coated fibers  
         before and after oxidation at 1200°C in air for 1h. 
 
 
 
Table 4.10: Mechanical Properties of the coated Tyranno ZMI SiC Fibers                    
after Oxidation at 1200°C in Air for 1Hour 
 
Materials  
(200nm thickness coating) 
Ultimate Stress  
(MPa) 
Breaking  
Strain  % 
Young’s Modulus  
(GPa) 
As-received 
Tyranno ZMI  
 
858 ± 492 
 
0.6 ± 0.3 
 
198 ± 50 
BN-Coated 
Tyranno ZMI  
 
1023 ± 630 
 
0.6 ± 0.4 
 
187 ± 39 
Al-O-N-Coated 
Tyranno ZMI 
 
1240 ± 316 
 
0.7 ± 0.2 
 
195 ± 43 
BAN-Coated 
Tyranno ZMI 
 
681 ± 613 
 
0.5 ± 0.4 
 
184 ± 57 
 
 
 
 
Weibull cumulative distributions of the coated fibers after oxidation at 1200°C in 
air for 1h have been plotted in Figure 4.53. It can be seen that the failure behavior of the 
BN-coated fibers is similar to that of the as-received fibers (Weibull modulus are same), 
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while the failure strength of the Al-O-N coated SiC fibers is higher with Weibull modulus 
nearly doubled. Mechanical strength of the coated fibers before and after oxidation were 
clearly compared and plotted in Figure 4.54. As shown in the graph, strength of all the 
fibers (with and without coatings) decreased drastically after oxidation at 1200°C. While 
the BN and Al-O-N coatings can help to somewhat protect the original SiC fibers from 
direct damage by the oxygen compared to the as-received SiC fibers. The Al-O-N works 
best as the oxidation resistant layer compared to other coatings. These results are 
consistent with the fractography analyses described above. The mechanical properties of 
the BAN-coated fibers were even worse after oxidation, which is most probably 
attributed to formation of brittle borosilicate by the reactions between BN, AlON and the 
oxygen, thus the strength of the coated fibers is decreased. Defects in the oxide films are 
probably responsible for the strength degradation of oxidized fibers. There is not much 
variation in the fibers’ Young’s Modulus before and after oxidation as shown in the table 
4.10, because the SiC fibers crystallized at 1200°C.  
Therefore, in conclusion, the Al-O-N coating is the most promising layer used to 
protect the Tyranno SiC fibers to enhance their mechanical properties as well as increase 
the oxidation resistance. However, none of the coatings produced can fully protect the 
fiber from the oxidation- induced strength degradation. 
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5.  CONCLUSIONS AND FUTURE WORK 
5.1   Conclusions   
Various protective coatings have been successfully synthesized and studied on 
SiC materials by carbothermal method. The novel contribution and major exploration of 
the work mainly concentrated on the following points: 
(i) Linear kinetics of CDC coatings growth on Tyranno SiC fibers has been studied 
and thus helps to control the coating thickness in nanometer accuracy. 200nm CDC 
coated SiC fiber is produced with improved mechanical properties by the optimal 
chlorination at 550ºC for 3h.  
(ii) SiC fibers with 150~200nm thick BN coatings show no degradation of strength, 
while great enhancement in debonding and pullout has been achieved for the coated 
fibers. Fiber bridging has also been eliminated by this method.  
(iii) Unlike the common methods, no additional dopant (such as metal catalyst) is 
introduced into the system during the BN coatings syntheses on carbon nanotubes, 
thus the contamination of the final product is avoided.   
(iv) The most impressive point is that a novel Al-O-N coating has been synthesized 
on the Tyranno ZMI fibers, which leads to a 65% increase in the strength of the 
coated fibers that up to 5.1GPa with Weibull modulus tripled from 3.5 to 10.1 
compared to the original fibers. The Al-O-N-coated fibers also have better oxidation 
resistance than the BN-coated fibers and the as-received fibers after oxidation at 
1200°C for 1h in the air, showing 45% higher in mechanical strength compared to 
that of the original fibers.    
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(v) BAN coatings have been first synthesized and studied on the SiC fibers with 20% 
increase in the mechanical strength in room temperature, but degraded drastically 
after oxidation at 1200°C for 1h in the air compared to the as-received fibers.   
More detail information related to the structural characteristics, mechanical 
properties, oxidation resistance and potential applications of SiC fibers with various 
coatings that include CDC, BN, Al-O-N and BAN are addressed as following. 
(i) CDC coatings:  
(a) Smooth and uniform CDC coatings can be successfully formed on the surface 
of Tyranno ZMI SiC fibers in the temperature range of 550-700ºC. These have 
good adhesion to the fiber core.   
(b) The linear kinetics of the chlorination in pure chlorine was observed and this 
data can help to predict the treatment conditions necessary to achieve the required 
coating thickness. The activation energy of this process is 143.6KJ/mol. 
(c) Tensile tests show that chlorination at 550ºC for 3 hours is the optimal 
treatment condition to produce ~200nm carbon-coated SiC fibers with improved 
mechanical and structural properties required for CMC applications. Thicker 
coatings produced at higher temperatures or longer chlorination times may be 
used for manufacturing nanoporous carbon materials.  
(d) The oxidation resistance of CDC coated fibers is as low as that of the other 
carbon coatings for the carbon is easily oxidized at temperatures above 500ºC in 
air.  
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(ii) BN coatings:  
(a) Syntheses of BN coatings by reaction between carbon, boric acid and 
ammonia were guided by thermodynamic calculations.  
(b) BN coatings of uniform thickness can be synthesized by the nitridation of 
H3BO3-infiltrated CDC coatings on SiC powders and fibers. Unlike CVD, the 
proposed method allows homogenous coatings on SiC particles and whiskers, and 
do not bridge SiC fibers. 
(c) Intermediate CDC layer allows the synthesis of uniform BN coatings with no 
strength degradation and good bonding to the fiber core. 
(d) Thermodynamic analysis predicts the possibility of carbothermal synthesis of 
BN on the surface of SiC at and above 1000ºC. However, kinetic limitations do 
not allow the coatings of the required thickness (>100nm) below 1150ºC. 
(e) Thickness and structure of BN coatings can be controlled by the thickness of 
the CDC layers, nitridation time and temperatures. However, excessive heat 
treatment may lead to the crystallization of metastable SiC-based fibers produced 
from polymeric precursors.  
(f) BN coatings can be produced on SiC fibers with no degradation in the 
mechanical strength. Certain increase in Young’s modulus and significant 
enhancement in debonding and pullout have been achieved for the BN-coated 
fibers.  
(g) BN coatings on SiC fibers can help  to enhance their oxidation resistance in the 
high temperature applications. After oxidation at 1200°C for 1h in laboratory air, 
the mechanical strength of the BN-coated fibers is ~20% higher than that of the 
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as-received fibers under the same treatment conditions. There is no significant 
change in the Young’s Modulus of these fibers before and after oxidation.  
(h) The method to synthesize BN coatings on the surface of multiwall carbon 
nanotubes (nanofibers) without damaging the tube walls has also been developed. 
The tube wall structure of the CNTs controls the nucleation and structure of BN 
coatings. Disordered turbostratic surfaces lead to the polycrystalline BN coating, 
while a defect- free surface results in the highly crystallized BN nanotube covering 
the CNT. 
(i) This carbothermal method of BN synthesis also allows synthesizing the 
thermally and mechanically stable BN coatings on a variety of carbide materials 
(Fig. 5.1). They can be used as insulating, protecting and tribological coatings for 
a variety of applications.  
(iii) Al-O-N coatings:  
(a) Uniform and non-bridging Al-O-N coatings were produced by carbothermal 
nitridation of AlCl3-infiltrated CDC layers on Tyranno SiC fibers. 
      (b) The coating is composed of Al-O-N phase, unidentified structure and 
      compositions together with alumina and some residual carbon.  
(c) Sacrificial CDC layer does not only help to decrease the synthesis temperature 
of AlxOyNz in the coating and build a sufficiently strong bonding between fiber 
and coating, but also helps to control the thickness of the coating effectively.  
(d) More than 65% increase in the tensile strength has been achieved by 
introducing a 200nm Al-O-N coating, which was synthesized at 900ºC for 60 
minutes in ammonia, and the average strength of the fiber reached 5.1GPa. The 
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Weibull modulus of the coated fibers increased three times from 3.48 to 10.06, 
compared to that of the as-received fibers. Moreover, the coating does not affect 
the Young’s modulus of the fibers. 
(e) Al-O-N layer is the most promising material for the coating on SiC fibers that 
helps to enhance their oxidation resistance in the high temperature applications. 
After oxidation at 1200°C for 1h in air, the mechanical strength of the Al-O-N-
coated fibers is ~45% higher than that of the as-received fibers after the same 
treatment. While, there is no significant change in the Young’s Modulus of these 
fibers before and after oxidation.  
(iv) BAN coatings:  
(a) Uniform BAN coatings have been produced by two-step carbothermal 
nitridation on Tyranno SiC fibers. The procedure for the coating synthesis was 
identified using thermodynamic simulation. 
(b) The coating is composed of BN, Al-O-N, alumina and some residual carbon.  
(c) The strength of the BAN-coated fibers reached 3.7GPa, showing a 20% 
increase, compared to the as-received (3.0GPa) by the nitridation at 1150ºC for 
90min in the first step and at 900ºC for 80min in the second step. 
(d) However, the BAN-coated fibers is degraded after oxidation treatment at 
1200°C for 1h in air and their strength decrease to 680MPa, which is ~20% lower 
than that of the as-received fibers under the same condition. There is no change in 
the Young’s Modulus of these fibers before and after oxidation. Thus, BAN 
showed a disappointing behavior and it is not suitable to be used as the protective 
coating on SiC fibers for high temperature applications.   
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5.2   Future Work   
This research work is intended to provide a contribution to the investigation of the 
carbothermal synthesis of various coatings and optimize the treatment conditions for 
synthesis of protective coatings on the SiC fibers for the CMCs for high temperature 
applications.  Beyond this work, still several points need to be mentioned for the future 
study and exploration to be fully understood.  
? Extend the BN coating synthesis by the carbothermal method to a broader range of  
silicon carbide materials, for example, sintered SiC for the tribological applications as 
the graphitic hexagonal BN is known for its low fr iction coefficient. 
? Much more detailed study on the Al-O-N coating composition and structure is 
required. 
? Mechanical fractures of ceramics reinforced with the various coated SiC  fibers 
must be measured to test the improved reinforcement behavior and protective 
properties of the coatings.  
? Coated fibers should be incorporated in the CMCs and these samples must be tested 
to determine the usefulness of the CDC- assisted coatings in composites.  
? High temperature testing of the coated fibers and CMC’s will be required to 
determine their potential in high temperature applications.  
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Figure 5.1: Schematic of the potential applications of BN coatings on carbide materials. 
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